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 ABSTRACT 
Galvanized steels are of interest to enhance corrosion resistance of press-hardened steels, but 
concerns related to liquid metal embrittlement have been raised.  The objective of this study was to assess 
the soak time and temperature conditions relevant to the hot-stamping process during which Zn 
penetration did or did not occur in galvanized 22MnB5 press-hardening steel.  A Gleeble® 3500 was used 
to heat treat samples using hold times and temperatures similar to those used in industrial hot-stamping.  
Deformation at both elevated temperature and room temperature were conducted to assess the coating and 
substrate behavior related to forming (at high temperature) and service (at room temperature).  The extent 
of alloying between the coating and substrate was assessed on undeformed samples heat treated under 
similar conditions to the deformed samples.    
  The coating transitioned from an α + Γ1 composition to an α (bcc Fe-Zn) phase with increased 
soak time.  This transition likely corresponded to a decrease in availability of Zn-rich liquid in the coating 
during elevated temperature deformation.  Penetration of Zn into the substrate sheet in the undeformed 
condition was not observed for any of the processing conditions examined.  
The number and depth of cracks in the coating and substrate steel was also measured in the hot-
ductility samples.  The number of cracks appeared to increase, while the depth of cracks appeared to 
decrease, with increasing soak time and increasing soak temperature.  The crack depth appeared to be 
minimized in the sample soaked at the highest soak temperature (900 °C) for intermediate and extended 
soak times (300 s or 600 s).  Zn penetration into the substrate steel was observed in the hot-ductility 
samples soaked at each hold temperature for the shortest soak time (10 s) before being deformed at 
elevated temperature.  Reduction of area and elongation measurements showed that the coated sample 
soaked at the highest temperature and longest soak time maintained the highest ductility when compared 
to the uncoated sample processed under the sample conditions.  Fractography of the hot-ductility samples 
showed features associated with increased ductility with increased soak time for all soak temperatures.     
Heat treatments (without elevated temperature deformation) and subsequent room temperature 
deformation were conducted to investigate the “in-service” behavior of 22MnB5.  The uncoated and 
coated specimens deformed at room temperature showed similar ultimate tensile strength and ductility 
values.  The only notable differences in the room temperature mechanical behavior of uncoated and 
coated samples processed under the same conditions were a result of differences in the substrate 
microstructure.  All samples appeared to have ductile fracture features; features characteristic of liquid 
metal embrittlement were not observed. 
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CHAPTER 1 : INTRODUCTION  
New standards for increased fuel economy and enhanced passenger safety in the automotive 
industry have contributed to the growing popularity of high-strength steels for automotive applications.  
Of particular interest is high-strength sheet steel that can be formed into automotive body parts which 
have reduced weight, but can also withstand collisions.  Press-hardened steels (PHS) meet these 
requirements and have been used in the automotive industry for high-strength, anti-intrusion 
components[1].  The high-strength is achieved through press hardening, or hot-stamping, which results in 
an almost fully martensitic microstructure, while formability is achieved by using elevated temperature.   
Press-hardened parts, especially those used in car underbodies are often exposed to corrosive 
elements.  Applying a corrosion resistant coating is a preferred approach to reduce corrosion of these 
parts without adding significant weight [1].  Aluminized coatings offer adequate barrier protection against 
corrosion, and have been used successfully in the automotive industry [2].  More recently, zinc (Zn) 
coatings, often hot-dip galvanized and galvannealed, are of growing interest due to their cathodic 
corrosion resistance and economic benefit. 
During the hot-stamping process, cracks can form in the Zn coating and, under some conditions, 
propagate into the PHS steel substrate.  Industry has often observed accompanying penetration of Zn into 
the substrate steel along cracks, and seeks to better understand the impact of cracking and subsequent 
penetration on mechanical properties of the formed sheet.  Questions exist as to whether or not cracking 
compromises strength in the PHS components, consequently compromising passenger safety.  This 
motivates the need for quantification of mechanical properties of coated and uncoated PHS and ultimately 
determining whether a strength decrease occurs as a result of processing.  If a reduction in strength does 
occur as a result of processing, it is also necessary to relate the conditions and extent of cracking to these 
changes in properties.  If the conditions under which cracking and subsequent Zn penetration can 
potentially be identified, they can be avoided or addressed in the hot-stamping line and further the use of 
Zn coated PHS. 
The present study focuses on determining soak temperature and time conditions under which 
cracking into the coating and substrate, and subsequent Zn penetration may or may not occur.  Both 
coated and uncoated samples are processed for varying hold temperatures and times and then deformed at 
elevated temperature to simulate deformation similar to hot-stamping.  Additional samples are heat 
treated under the same conditions and then quenched to room temperature without deformation.  The 
coating was analyzed after thermal treatment (prior to deformation) to determine the effects of thermal 
treatment on coating behavior.  These heat-treated samples are then deformed at room temperature to 
  2 
simulate “in-service” mechanical behavior.  The extent of cracking and Zn penetration is quantified in 
samples deformed at both elevated and room temperature and correlated to the mechanical properties and 
processing conditions.  Observations of cracking behavior and recommendations for industrially relevant 
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CHAPTER 2 : BACKGROUND 
2.1 Background 
This chapter presents some of the relevant literature on the press hardening, or hot-stamping, 
process, typical coatings for PHS, and recent studies related to Zn coated 22MnB5 and similar PHS 
grades.  The studies presented mainly focus on the mechanical properties and observations of the coating 
behavior after the material has been processed industrially, or in laboratory studies designed to simulate 
industrially relevant processing parameters. 
2.2 Overview of Hot-Stamping Process 
Hot-stamping involves austenitization of a sheet steel blank and then simultaneous pressing and 
quenching of the sheet in large dies.  There are two main types of press hardening: indirect and direct.  In 
the indirect method, deformation and hardening are done in separate steps, whereas the direct method 
utilizes simultaneous deformation and hardening (hot stamping and press quenching).  Schematic 
diagrams of these methods are shown in Figure 2.1 a) and 2.1 b) respectively.  During indirect forming, 
the part is initially cold formed, and then heated to austenitizing temperatures (between 880-930
 
°C) in a 
furnace for several minutes [2].  Next, it is transferred to a set of dies that insure tight dimensional 
tolerances during quenching in the dies.  This step also serves to harden the part, as the rapid cooling in 
the dies transforms the microstructure from austenite to martensite.  During the transfer from the furnace 
to the dies, an oxide layer forms on the surface of the part if uncoated sheet is used.  After the cooled part 
is removed from the dies this oxide layer must be removed, typically by shot blasting.  At this point the 
process is complete [3]. 
The direct press hardening process is similar to the indirect process but has fewer steps.  There is 
no initial cold deformation of the part; instead a blank is austenitized and then transferred directly to the 
forming dies.  It is pressed and quenched simultaneously so that it is deformed and changed to martensite 
in the same step.  As in the indirect method, the part is in its final state after removal from the dies [3].  
The indirect process is used in lines which are not set up for direct processing and reportedly for parts 
whose geometry necessitates an initial cold forming step [4, 5].  However these parts make up only a 
small percentage of all hot-stamped parts [4, 5]. 





Figure 2.1 Schematic processing steps for a) indirect press hardening and b) direct press 
hardening of coated sheet [4, 5]. 
 
The direct forming process is more desirable than the indirect process for several reasons. 
Primarily, it allows lower forming loads to be used as a result of the higher temperature deformation, 
compared to the initial cold forming in the indirect method.  Similarly, the indirect process requires the 
sheet to have a formable microstructure in the as-received condition for initial cold forming, while the 
direct process does not because forming is done while the sheet is at high temperature.  The direct process 
also has fewer processing steps, which translates to increased cost effectiveness.   
2.3 Industrial and Laboratory Scale Hot Stamping Thermal Profiles 
In the hot-stamping process, the heating rate is a result of the time it takes for a blank to reach the 
target temperature after being placed in a furnace.  Several industrial groups have provided data which 
show that industrial heating profiles often have two heating rates; usually a faster one to heat the samples 
to a temperature in the range of 500 - 700 ºC, and then a slower one to reach the final (austenitizing) 
temperature [5–7].  The heating rate range for the slower step is typically between 4 - 8 ºC/s [5–7].  
Research groups that aim to replicate the hot-stamping process in a laboratory setting have simulated the 
heating rate in several ways.  Kondratiuk et al. conducted simulations in which a sheet was put directly 
into a furnace pre-heated to 880 ºC and the resulting heating profile of the sheet was measured.  The 
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heating rate was about 4 – 5.25 ºC/s up to 700 ºC, and then 0.8 – 2.5 ºC/s up to 880 ºC, with the heating 
rate continuing to decrease with increasing temperature [8].  Other laboratory scale studies, such as those 
conducted by Lee and Fan et al. used a Gleeble® thermomechanical simulator to impose a controlled 
20 ºC/s heating rate to the target temperature [9-10].  Dwell times at the target temperature in both 
industrial trials and outside laboratory scale studies have been reported to be typically between 150 – 
300 s [5–7].   
Several groups have reported that a minimum cooling (quenching) rate of 27 ºC/s is necessary in 
order to achieve a martensitic microstructure in 22MnB5 [3, 10].  Continuous cooling curves (CCT) 
showed that this minimum cooling rate was similar for both undeformed samples and a sample deformed 
20% at 800 ºC [10].  Figure 2.2 shows these continuous cooling (CCT) curves of 22MnB5, a) without 
deformation, and b) with and without deformation [10]. Though the required cooling rates were similar, 
they did notice an increase in both the martensite start and finish (Ms and Mf) temperatures with 
deformation [10].  Maclean reported that the Ms temperature for 15B21 (0.24 C, 1.04 Mn, 0.002 B) also 
increased from about 325 to 350 ºC when quench rates were increased from 20 to 50 ºC/s [11].  A 
minimum quenching rate of 50 ºC/s to achieve a fully martensitic structure in 15B21 was also reported 
[11]; this cooling rate is on the same order of magnitude as that for 22MnB5.  The faster required 
minimum quench rate reported for 15B21 compared to 22MnB5 may be due to the slightly lower Mn 
content (i.e. lower austenite stabilizer content).  
  
Figure 2.2 Continuous cooling (CCT) curves of 22MnB5, a) without deformation, as conventionally 
reported in literature, and b) with and without deformation [10]. 
2.4 Coating of PHS for Oxidation Prevention and Corrosion Resistance 
During the hot-stamping process, oxidation of bare sheet steel occurs immediately upon contact 
with air.  To prevent this oxidation, and mitigate corrosion in service, it is common to coat the steel [2].  
Aluminum-silicon (Al-Si) coatings are one type of corrosion resistant coating commonly applied to PHS 
[10].  The Si addition reduces the melting temperature and reportedly promotes the formation of an 
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Fe2SiAl7 inhibition layer to control diffusion between the largely Al coating and Fe substrate [10].  
During hot-stamping, the coating is modified and an alloyed layer containing primarily Fe and Al forms 
(FeAl2) with Si in solution in the coating [10].  The Fe-Al alloyed layer has a higher melting point than 
Al, but may still exhibit some melting during the hot-stamping process.  Brown et al. explored the 
possibility of using pre-treatments in a furnace to increase alloying in these coatings to stabilize them, and 
and thus minimize melting [12].  Al-Si coatings are suitable for subsequent painting steps and provide 
some barrier protection against corrosion [3, 5].  However, cracks can form in the coating either due to 
the forming step of the hot-stamping process, or differences in thermal expansion between the 
intermetallics and substrate when the sheet is cooled [10].  Because Al-Si coatings only offer barrier 
protection, cracks in the coating can expose the substrate Fe and leave it vulnerable to corrosion [9].  
Thus, industry is interested in alternative coatings which still offer protection from oxidation as well as 
enhanced galvanic corrosion resistance.   
In addition to some of the benefits offered by Al-Si coatings, Zn coatings offer cathodic corrosion 
protection.  Cathodic corrosion protection means that the coating acts as a sacrificial layer and corrodes 
instead of the Fe substrate, even in areas where the sheet is exposed.  This benefit has motivated research 
using Zn coatings on PHS in recent years.  
Continuous hot-dip galvanizing (GI) is the applicable coating method for PHS.  The coating is 
applied by running sheet steel through a Zn bath held above about 420 ºC (melting point of Zn), and then 
cooled to solidify the Zn.  A relatively pure Zn coating with high cathodic corrosion resistance is 
obtained.  Aluminum is usually added to the Zn bath to promote formation of an inhibition layer that 
prevents extensive diffusion between the Zn and Fe.  For some applications, it can be advantageous to 
allow some Fe-Zn diffusion to occur, as in the case of galvannealed coatings.  Galvannealed (GA) 
coatings are similar to GI coatings, but use a lower Al content and undergo an additional annealing step 
after Zn coating to allow for some Fe-Zn diffusion.  The resulting alloyed coating contains up to about 
10 wt pct Fe, and is not as soft as a typical GI coating [14].  The Fe-Zn alloying kinetics at typical GA 
temperatures, around 500 °C  have been explored and reported extensively in the literature, most notably 
by Marder [14].   
2.5 Extent of Alloying Between Coating and Substrate in PHS 
Recently, groups have studied the coating-substrate diffusion kinetics in the temperature regime 
corresponding to hot-stamping.  Multiple researchers have utilized energy dispersive x-ray spectroscopy 
(EDS) to explore the extent of alloying between the coating and substrate of Zn coated steels after various 
heat treatments.[4, 9-10].  Of particular importance to the present study is work done by Kondratiuk et al. 
who showed that hot dip galvanized coatings heat treated at 880 °C for 5 min exhibited Γ - ZnFe and 
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α - Fe(Zn) [8].  Similarly, Faderl et al. and Lee et al. also observed the formation of Γ1 - ZnFe and 
α - Fe(Zn) at 850 °C [6, 9].  In a separate study, Lee et al. investigated the coating behavior of GI material 
processed in both air and argon at different temperatures [13].  Samples were held at temperatures 
between 600 and900 °C for 4 min and then elemental (wavelength dispersive spectroscopy, WDS) maps 
were recorded to show the distributions of Fe, Al, Zn, and O.  Figure 2.3 shows elemental (WDS) maps 
for Fe, Al, Zn and O of PHS processed in air in the following conditions: a) as galvanized, b) after a 
4 min at 600 °C, c) after 4 min at 700 °C, d) after 4 min at 800 °C, e) after 4 min at 900 °C, from Lee et 
al. [13].  As labeled in the Zn maps, the coating transitions from δ and Γ1-  ZnFe at low temperatures, to 
almost fully α - Fe(Zn) and some remaining Γ1 - ZnFe at higher temperatures.  With increased 
temperature, α - Fe(Zn) consumed more of the alloyed layer, with some remaining Γ1 - ZnFe at 880 °C 
(the highest temperature). 
 
 
Figure 2.3 Elemental (WDS) maps for Fe, Al, Zn and O of PHS processed in air a) as 
galvanized, b) after a 4 min at 600 °C, c) after 4 min at 700 °C, d) after 4 min at 
800 °C, e) after 4 min at 900 °C.  The coating transitions from δ and Γ1-  ZnFe at 
low temperatures, to almost fully α - Fe(Zn) and some remaining Γ1 - ZnFe at 
higher temperatures [13]. 
2.6 Observations of Cracking in Hot-Stamped Parts 
Cracking has been reported in Zn coated hot-stamped parts.  Cracking was observed in several 
studies of Zn-coated press-hardening steels during the forming of parts with typical industrial geometries 
[3-4, 9-10] as well as “top hat” or “omega” shape laboratory channel components [16].  Cracks were 
identified in both the outer bend radius and along the channel walls with some only penetrating the 
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coating and others penetrating into the substrate.  The cracks that occurred along the bend radius of the 
parts were classified as “macro-cracks” and had depths over 100 μm in some cases.  These “macro-
cracks” initiated on the coating surface and then propagated into the base metal.  The cracks on the side 
walls of the channel, termed “micro-cracks”, were typically around 10 μm, but could be up to 50 μm in 
depth.  Figure 2.4 shows a schematic of crack locations observed in an omega shaped component along 
with example cross-sections [16].  In both cases, cracks which extended into the base metal propagated 
through a thin primary  Fe(Zn) layer (ferrite) at the substrate surface, but terminated at the martensite 
region [16].   The penetration depths below this Fe(Zn) layer into the substrate steel are shown by the 
12 μm, 7 μm, 9 μm labels in Figure 2.4.  The most commonly cited cause of cracking is a phenomenon 
termed liquid metal embrittlement or liquid metal assisted cracking (interchangeably called, LME or 
LMAC), and will be described in Section 2.7. 
 
Figure 2.4 Schematic of half-omega shaped part with locations and type of cracking indicated as 
observed by Drillet, et al [16]. 
2.7 LME and Cracking Susceptibility  
For a variety of metallic systems, LME is described as the reduction of total elongation of a 
material, often a ductile metal, when it comes into contact with a liquid metal [17].  The decrease in 
ductility can sometimes be so drastic that the ultimate tensile strength is not reached, and thus a reduced 
stress at failure may also be realized in some cases [17].  The three criteria for LME to occur are: the 
presence of a liquid metal, a susceptible solid metal microstructure, and applied stress (usually tensile) 
[18].  During hot-stamping of Zn coated sheet, all three of these basic criteria are met, and thus it is 
conceivable that LME may occur.  The high temperatures (880-930
 
°C) needed for austenitizing the 
22MnB5 sheet steel lead to liquation of the Zn coating.  The Fe-Zn phase diagram in Figure 2.5 shows a 
shaded rectangle representing the typical 0-10 wt pct Fe coating composition (for GI material) and 880-
930
 
°C temperature ranges present during hot-stamping.  This region overlaps the α+L and L regions of 
the Fe-Zn phase diagram.  As shown in Figure 2.6, the Zn-rich liquid can penetrate, and perhaps 
ultimately embrittle, Fe grain boundaries.  This grain boundary embrittlement has been cited as the source 
of cracking by multiple industrial research groups [4, 7].  If stress is then applied to the sheet, as is done 
in the hot-stamping process, cracks and decreased ductility due to LME are possible. 




Figure 2.5 Fe-Zn phase diagram with the phase region for typical coating composition and 
hot-stamping temperatures indicated in the boxed region on the Zn-rich portion 
of the diagram.  This region overlaps the alpha+liquid (α+L) and Zn liquid (L) 




Figure 2.6 Cross sectional elemental map of Zn for a specimen tested at 850
 
°C showing Zn 
penetration into the steel substrate along austenite grain boundaries (GB). This 
penetration may promote cracking in the sheet substrate [13]. 
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In the hot-stamping literature, Zn penetration has primarily been observed in GI material during 
the direct hot-stamping process where the Zn coating is still liquid when deformation occurs (and 
substantial forming stresses are applied).  Lee et al. observed Zn penetration into the substrate sheet in 
samples strained to 40 pct at 850 °C, but no penetration for samples strained at 700 °C [9].  This study 
suggested that because the forming temperature was below 782 °C,  the highest peritectic in the Fe-Zn 
system, liquid was not present to penetrate into the substrate [9].  In the same study, Lee et al. reported 
that minimal LME is observed in parts formed via the indirect process because minimal deformation, and 
thus minimal stress,  is imposed on the part at high temperatures when Zn is liquid [9].  Figure 2.7 shows 
schematically the cracking susceptibility of Zn-Fe coatings based on local coating composition and 
temperature, as reported by Drillet et al [16].  If the austenitizing temperature during heating prior to 
press forming can be reduced below the peritectic (α +L → Γ1) temperature of 782
 
°C, then liquation 
might be suppressed for any coatings that are fully alloyed into the Γ1 regime during heating. 
 
Figure 2.7 Fe-Zn phase diagram with the phase fields that result in cracking are indicated 
by shaded areas, adapted from Drillet et al. No cracking is likely if the sheet is 
stamped below 782 °C [16]. 
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As suggested by these studies, it is proposed that LME, and perhaps cracking, can be prevented 
by removing one of the three main contributors; liquid formation, stress during forming, or material 
susceptibility [4, 7].  Several approaches to minimize cracking were previously explored, including 
changing the composition of the coating or lubricating the dies in order to reduce the surface friction on 
the component during pressing [4, 7].  The success of these approaches varies based on the coating and 
manufacturer [4, 7]. 
2.8 Mechanical Properties at Elevated Temperature 
The total elongation of a material at elevated temperature, referred to in literature as “hot-
ductility”, can be helpful in optimizing forming conditions and also give insight into fracture behavior.  
Hot-ductility tests on many sheet materials, including 22MnB5, have most commonly been assessed 
through uniaxial tension tests, often conducted using a Gleeble® thermomechanical test instrument.  
Often, the ultimate tensile strength (UTS), total elongation, stress at fracture and reduction of area are of 
interest.  Several of these tests focused on correlating the influence of hold time at elevated temperature, 
deformation temperature, and strain rate, to the extent of LME [4, 10].  Several groups have taken the test 
parameters and mechanical data from hot-ductility experiments and generated models which attempt to 
accurately predict material stress-strain behavior at elevated temperatures [4, 10].  Of these models, the 
most relevant to the present study may be those by Durrenberger et al. who evaluated the accuracy of 
several models for predicting the true stress-strain behavior of 22MnB5 at about 800 °C and a strain rate 
of 1.01 /s [2].  The 800 °C temperature is near the hot stamping temperature typically used in industry, 
allowing these models to be compared to experimental results.  However, the focus was on flow stress 
rather than ductility, and these models were applied to uncoated material, both of which may need to be 
considered if the models are used with data from the present study. 
A study by Lee et al. on the influence of GI coating on the mechanical properties of 22MnB5 
showed that the presence of Zn, soak time, and deformation temperature affect total elongation.  
Figure 2.8 shows engineering stress strain curves for uncoated and coated samples heated to 850 °C for 
4 min and subsequently tensile tested at 850 °C or 700 °C.  The bare steel deformed at 850 °C achieved 
an engineering strain of about 40 pct, while coated steel reached only about 8 pct [9].  This reduction of 
elongation suggests that LME may occur in Zn coated sheet deformed at 850 °C, but that it may be 
mitigated if deformed at a lower temperature.  Figure 2.9 shows engineering stress strain curves for 
samples soaked for increasing hold time at 850 °C, as reported in the same study by Lee et al. [9].  This 
portion of the study showed that increasing hold time at 850 °C from 4 to 20 min increased the total 
elongation in the coated material to almost the same as that of the uncoated material [9].  These results 
indicate that increased soak times may be one approach to minimize losses of total elongation at 850 °C.  
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It was suggested that after extended soak times, Zn-rich liquid was no longer available to contribute to 
LME [9].  The tensile tests described in that study were conducted at temperatures of 850 °C and 700 °C, 
thus it may be possible to compare the relevant stress-strain properties to the mechanical properties found 
in the present study.  Some assessment of the Fe(Zn) alloyed layer and associated microstructure 
development was also included in this study [9].  
 
Figure 2.8 Engineering stress-strain curves for GI and uncoated 22MnB5 held at 850 °C for 
4 min and then deformed at either 850 °C or 700 °C, as reported by Lee et al [9]. 
 
 
Figure 2.9 Engineering stress-strain curves for GI 22MnB5 held at 850 °C for increasing 
soak times and subsequently deformed, from Lee et al [9]. 
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Another study by Beal et al. included hot-ductility tests which showed that electrogalvanized 





[20].  The experiments presented were also performed using a Gleeble® 3500, and though focused on Zn 
coated (high-Mn) TWIP steel, showed reduced ultimate tensile strengths and strains at test temperatures 
between 600-1000 °C. Increased soaking time from 0 s to as little as 30 s, resulted in increasing the strain 
at failure by 0.1 to approximately 0.4, almost as much as the uncoated material [20].  The authors 
proposed that with increased hold time, Fe-Zn intermetallics have time to form at the steel surface and 
thus prevent further contact of the Fe and Zn, and subsequent embrittlement via liquid Zn.  This study 
suggested that LME could also be avoided if the deformation stress was lower than a “critical stress” 
parameter which was unique for each combination of temperature, hold time, and strain rate [20].  This 
group also attempted to quantify the fracture behavior by plotting the reduction of energy (area under the 
stress-strain curve) as a function of temperature.  The percent reduction of energy was determined by 
subtracting the energy for a coated sample from that of an uncoated sample, and dividing by the energy of 
the uncoated sample.  A smaller energy (area under the curve) in the coated sample resulted in a high 
reduction in energy, ultimately corresponding to a less ductile sample.  As a result, this group reported the 
reduction of energy was the highest in the 775-950 °C temperature range, at strain rates of 1.3x10
-2
 – 
1.3 /s, and thus defined the forming parameters where deformation should be avoided [20].  This 
temperature regime is analogous to the “ductility trough” commonly seen in welding literature, often 
shown by plotting percent reduction of area (pct R.A.) as a function of temperature.  In this case the 
temperature range to avoid during forming operations due to the low material ductility is where a low pct 
R.A. is measured [21].  Direct measurements of the pct R.A. in 22MnB5, have not been widely pursued, 
but may give additional insight on the effect of the Zn coating on the material formability for samples 
deformed at elevated temperature and at room temperature. 
2.9 Mechanical Properties of Heat Treated Samples at Room Temperature 
Though several groups have conducted hot-ductility tests on 22MnB5 as described above, the 
mechanical properties of Zn coated PHS parts at room temperature after heat treatment at high 
temperature (simulative of the hot-stamping process) have not been substantially explored.  Such behavior 
is perhaps relevant to service performance.  Bardelcik et al. performed heat treatments in which uncoated 
USIBOR 1500P samples were heated at 10 °C/s to 920 °C and held for 5 min, then quenched to room 
temperature.  They subsequently conducted tensile tests at varying strain rates at room temperature on the 
heat treated specimens and found that the ultimate tensile strength (UTS) occurred at about 0.02 – 0.04 
strain and that the total elongation was about 0.06 [22].  The aim was to correlate the effect of strain rate 
in the room temperature tests to the mechanical properties of the material after the simulated hot-stamping 
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process.  That study did not consider coated material, and thus the current study may lend insight to the 
effects of coating on mechanical properties, specifically total elongation. 
2.10 Challenges Addressed in this Study 
Though cracking has been demonstrated in a variety of processing conditions associated with hot-
stamping of Zn-coated steel, systematic quantification of the extent of cracking, either by measuring the 
number of cracks or depth of cracks, has not been deeply explored.  Similarly, most groups have not 
correlated this cracking to the extent of coating-substrate alloying, nor to the effects on mechanical 
properties compared to uncoated material.  The current study includes manual crack depth measurements 
in coated hot-ductility samples and aims to correlate them to tensile properties, especially ductility 
measurements including total elongation and percent reduction of area. 
Another area which has not been widely explored is room temperature tensile testing of 22MnB5, 
reflecting “in-service” characteristics rather than hot-stamping behavior.  Specifically, room temperature 
tensile tests of coated material after Gleeble® heat treatments have not been reported.  Thus, analysis of 
the coating and sheet behavior after room temperature tests may lend insight into in-service performance 
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CHAPTER 3 : EXPERIMENTAL DESIGN 
3.1 Material 
The most common sheet steel alloy used for press hardening is a medium manganese-boron (Mn, 
B) steel with the European designation 22MnB5.  This is a medium-carbon steel used for its good 
hardenability.  A small titanium (Ti) addition is included for “protection” of boron (B).  The Mn and B 
additions allow the part to achieve a martensitic structure during press quenching.  The chemical 
composition of the material used in this work is shown in Table 3.1.  The galvanized (GI) material has an 
approximate coating weight of 140 g/m
2
, corresponding to about 20 µm coating thickness (10 µm each 
side).  The sheet thickness was 1.5 mm and had a ferrite-pearlite microstructure in the as-received 
condition.  Uncoated samples were prepared by submerging Zn coated samples in hydrochloric acid 
(HCl) to remove the coating.  Complete removal of the coating was determined by visual inspection; the 
samples were removed from the HCl as soon as the surface appeared dull, and rinsed with ethanol. 
Table 3.1 – Chemical Composition of 22MnB5 GI Supplied by voestalpine (wt pct) 
 
C Mn Si B Cr Mo Ti Ni N Al V S P Cu 
0.21 1.26 0.20 0.003 0.24 0.004 0.035 0.014 0.006 0.06 0.004 0.0003 0.009 0.015 
 
3.2 Development of Experimental Matrix 
The experimental matrix developed for this work focused primarily on simulating processing 
parameters typically used during industrial hot-stamping.  Additional samples were processed at slightly 
different hold times and temperatures to determine whether these process variations would affect ductility 
and/or minimize cracking into the coating and substrate.  The specific parameters are described in detail 
in this section. 
All samples were heated at a rate of 20 °C/s to 750 °C, 850 °C, or 900 °C and soaked for 10 s, 
300 s, or 600 s.  The 20 °C/s heating rate was chosen based on rates used in industrially motivated hot-
ductility studies of 22MnB5, as described in Section 2.3 [6, 7].  The 10 s hold time was selected to 
evaluate coating behavior immediately after the sheet reached temperature.  The 300 s hold time was used 
to simulate the typical residence time for a sheet blank in a furnace before stamping.  The 600 s hold time 
was chosen to simulate an extended hold time involving more iron-zinc (Fe-Zn) interdiffusion than is 
typical in an industrial setting.  The hold temperature of 750 °C was chosen to simulate the coating 
behavior if the sheet was austenitized below the Fe-Zn peritectic (α +L → Γ1) temperature at 782 °C.  If 
enough diffusion between the coating and substrate took place so that significant liquid was not present in 
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the coating at this temperature, it was considered that LME could potentially be avoided in this condition 
[2, 7].  The hold temperatures of 850 °C and 900 °C were chosen to simulate minimum and typical 
austenitization temperatures used in industry, respectively [1–3].  The coating evolution of samples 
heated to these temperatures was expected to simulate material response observed in hot stamping lines.  
While changes in the coating take place with varying hold temperature and time, changes in the substrate 
microstructure also occur.  In order to assess the effects of the coating on mechanical properties, hot-
ductility tests were conducted on additional uncoated samples for hold times of 10 s, 300 s, or 600 s at 
each target temperature.  Samples used for assessing hot-ductility were then allowed to cool to 750 °C 
over a 10 s period (and stabilize at 750 °C for 2 s), strained to failure at a programmed rate of about 
7.62 cm/s (3 in/s), and then helium quenched to room temperature.  The 750 °C deformation temperature 
was chosen to simulate a deformation temperature similar to that in industry.  In the hot-stamping line, 
sheets cool during transfer from the austenitizing furnace to the forming dies, and thus deformation occurs 
at a temperature lower than the austenitizing temperature.  Deforming all hot-ductility samples at the 
same temperature is also beneficial because it allows for comparison of mechanical properties for 
specimens with different thermal histories, as well as uncoated and coated specimens.  The steel remains 
austenitic during the time and temperatures associated with deformation at this temperature [2].  The 
programmed deformation rate was chosen to simulate strain rates similar to those predicted to occur 
during the stamping process, based on finite element analysis (FEA) models [5].  Specifically, this 
deformation rate corresponds to that predicted in the bend radii of omega shaped parts, and thus in regions 
which exhibit cracks in laboratory scale tests [5]. 
To simulate in-service properties, an additional set of both coated and uncoated samples was 
helium quenched to room temperature after the soaking step.  Additional details of the Gleeble® setup are 
discussed in Section 3.3, and examples of the software programs for samples processed with and without 
the deformation step are shown in Appendix A.  The room temperature tensile tests were performed using 
a MTS screw driven frame at a constant crosshead speed of 2.12 x 10
-3
 cm/s (0.05 in/min).  An MTS 
8.707 mm (0.343 in.) extensometer was used to measure the displacement in the gage section.  Details on 
the specimen geometries selected for each set of tests is described in further detail in Section 3.4.  Along 
with coating and microstructural analysis, the mechanical properties obtained from tests at 750 ºC and 
room temperature allowed for comparisons to be made between the coated and uncoated specimens.  
Duplicate samples of the coated sheet strained at elevated temperature were run, however only single tests 
were conducted for the all other conditions due to limited material availability.  Thus, a total of 45 
samples (combined coated and uncoated) were produced and analyzed during this study.  Figure 3.1 
shows a schematic representation of the heating profiles and deformation steps.  Figure 3.2 shows a 
testing matrix of the samples run for each uncoated and GI 22MnB5 material. 
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Table 3.2 – Matrix of Gleeble® Simulations for 22MnB5 Tension Tests (Uncoated and GI Material) 
 
Heating Rate (°C/s) Hold Temp (°C) Hold Time (s) Test Temp ( °C) 
20 750 10 750 
20 750 300 750 
20 750 600 750 
20 850 10 750 
20 850 300 750 
20 850 600 750 
20 900 10 750 
20 900 300 750 
20 900 600 750 
20 750 10 25 
20 750 300 25 
20 750 600 25 
20 850 10 25 
20 850 300 25 
20 850 600 25 
20 900 10 25 
20 900 300 25 
20 900 600 25 
 
3.3 Hot-Stamping Simulations in the Gleeble® 3500 
All samples used in this study were processed in the Gleeble® 3500 using the standard pocket 
jaw configuration so that the hot-ductility samples could be strained to failure at elevated temperature.  
 
Figure 3.1 Schematic of thermal profile for both hot-tensile and room-temperature tensile tests, 
showing soak temperatures of  900 °C or  850 °C (austenitized), or 750 °C and 
deformation at either 750 °C (solid line) or room temperature (dashed line). 
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The conventional quench setup for flat sheet was also used so that the samples could be helium quenched 
to room temperature immediately after deformation.  The same setup was used for processing the 
undeformed samples, with quenching performed instead after the soaking step.  The Zn coated samples 
were processed in an air atmosphere to avoid evaporation of the coating (no evacuation of the chamber 
was done), while the uncoated samples were processed in an evacuated chamber backfilled with argon.  A 
K-type control thermocouple was attached at the center of each sample, which ensured that the center of 
each sample experienced the programmed temperature during each test.  As with other Gleeble® tests, the 
water cooled grips in the Gleeble® are cooler than the center of the sample and so a thermal gradient 
exists in the specimen during testing.  Because the samples were strained to failure at elevated 
temperature, the center of each sample (approximately one inch wide) experienced the highest 
temperatures and a “reduced section” was thus not required.  This thermal concentration acted to establish 
the gage section in which the sample would likely fail.  In contrast, the samples heat treated in the 
Gleeble® for subsequent deformation at room temperature required a reduced gage section so that the 
sample would fail in the center.  The specific requirements related to designing both the hot-ductility and 
the room temperature tensile samples are discussed in more detail in Section 3.4.  Thermal profiles were 
measured across the width and length of the sample to characterize the imposed gradient.  The use of the 
thermal profiles in designing the room temperature specimens and subsequent analysis is described in 
more detail in Section 3.4.  It was desirable to analyze the region of the sample with consistent 
microstructure and properties, and this prompted limiting the analysis to a specific region in the center of 
the sample.  For the hot-ductility tests, the temperature was programmed to remain at 750 ºC during the 
deformation step.  Some localized heating may have occurred, as the cross-sectional area decreased (due 
to necking and subsequent fracture); however, the extent of localized heating was not quantified in this 
study. 
3.4 Specimen Geometries  
Two specimen geometries were selected for this study, one for samples strained at elevated 
temperature (750 ºC) and one for samples tested at room temperature.  For both sample types, the 
geometries chosen for processing in the Gleeble® 3500 were based on standard geometries from 
Dynamic Systems Inc. for hot tensile tests [23].  The geometry used for subsequent tensile tests at room-
temperature was adapted from a specimen geometry used in work by Thomas [24].  These geometries are 
described in the following sub sections. 
3.4.1 Samples Deformed at Elevated Temperature 
  The first geometry, which was used for samples strained to failure at elevated temperature, was 
a hot tensile Gleeble® specimen with uniform gage section.  The samples were 120 x 25.4 x 1.5 mm 
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(4.724 x 1.00 x 0.059 in), with holes centered along the width, about 12.7 mm (0.5 in) from each end.  A 
schematic illustration of the tensile specimen is shown below in Figure 3.2 [23]. 
 
Figure 3.2 Tensile specimen geometry used for all coated and uncoated 22MnB5 specimens tested 
to failure at 750 °C in the Gleeble® 3500 [23]. 
3.4.2 Samples Deformed at Room Temperature 
Deformation at room temperature was done to simulate the in-service behavior of a part after the 
hot stamping process.  Uncoated and coated samples were first processed in the Gleeble® 3500, under the 
same conditions as the elevated temperature samples, without the deformation step.  As mentioned in 
Section 3.2, samples were quenched to room temperature after the soaking step.  The heat treatments were 
performed using specimens with a uniform gage section, similar to those strained at 750 °C.  The samples 
were 170 x 25.4 x 1.5 mm (6.305 x 1.00 x 0.059 in), with holes centered along the width, about 12.7 mm 
(0.5 in) from each end.  The geometry of these samples was also based on standard geometries from 
Dynamic Systems Inc. [23], with an increased length to extend the hot zone of the sample to cover the 
gage section of the room temperature tension test specimen.  A schematic illustration of the tensile 
specimens used for room temperature tests is shown below in Figure 3.3 [23]. 
 
 
Figure 3.3 Tensile specimen geometry used for 22MnB5 GI specimens processed in the Gleeble® 
3500 before being machined into room temperature test specimens [23]. 
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After the samples were processed in the Gleeble® 3500, they were electro-discharge machined 
(EDM) into tensile specimens to be tested at room temperature.  The EDM technique was chosen so that 
material removed from the sample to create the reduced gage section could be used for metallographic 
analysis of the coating cross-sections.  The coating on these “cut-out” regions was used to evaluate the 
coating microstructure characteristics (resulting from heat treatment) in the undeformed condition.  
Because the samples experience a thermal gradient when processed in the Gleeble®, they also were 
expected to have a resulting microstructural gradient (from the center to each end of the sample).  
Because the sample was the hottest at the center (where the control thermocouple is attached), and was 
cooler at the ends, it was expected that, though the center of the sample may be austenitized, the ends 
would not be.  Upon subsequent helium quenching, the center would then be transformed to martensite, 
while the ends would have a mixed microstructure.  This could result in a higher material strength at the 
center of the sample, than at the ends.  Because a fully martensitic microstructure is desired after the hot-
stamping process, testing the room temperature properties of the martensitic region was of greatest 
interest.  Thus, it was necessary to create a substantially reduced gage cross-section in the sample for 
room temperature tensile tests, so that the end region would be subjected to reduced stresses. 
In order to determine the length of the reduced gage section that encompassed a fully martensitic 
region, it was necessary to understand this microstructural, and thus thermal, gradient.  Therefore, thermal 
profiles were measured during processing along both the length and width of samples during heat 
treatment.  Figure 3.4 shows a thermal profile of a sample processed at 900 °C along a) the width of the 
sample at the center, and b) the length of the sample at mid-width.  The thermal profile across the width 
showed that the sample was above 830 °C (the minimum austenitizing temperature) up to 8 mm out from 
the center of the sample, almost across the entire width (16 mm total).  The thermal profile along the 
length showed that when the control thermocouple at the center of the sample reached the target 
temperature (900 °C), the sample was above 830 °C (the minimum austenitizing temperature)
 
up to at 
least 8 mm out from the center of the sample (16 mm total) along the length.  This suggested that at least 
a 16 mm section along the length at the center of the sample was transformed to austenite during 
processing, and thus also likely transformed to martensite upon quenching.   
To verify the resulting strength gradient, samples were then sectioned longitudinally at the mid-
width, and transversely at the mid-length, and hardness profiles were measured on each face.  Vickers 
hardness indents were performed along the longitudinal cross section of the sample and subsequently used 
to estimate the tensile strength. Figure 3.5 shows the hardness profiles of a sample heated to 900 °C
 
and 
held for 300 s before quenching, along the a) longitudinal and b) transverse cross sections.   
 
 














Figure 3.4 Thermal profile of a sample processed at 900 °C a) across the width of the sample at the 
center, and b) along the length of the sample at mid-width.  The profiles show that the 
entire width (25 mm) and at least 8 mm along the length was above 830 °C (austenitized) 
during the soaking step. 
 
The hardness along the longitudinal section transitioned from values of about 160 to 533 HV 
(corresponding to tensile strengths of 110 – 270 ksi, based on ASTM A370-12a [25]) along a length of 80 
mm at the center of the sample.  At about 20 mm from the center in each direction, the hardness 
transitioned to greater than about 345 HV (159 ksi).  This approximate strength of 159 ksi is consistent 
with the strengths reported for 22MnB5 after processing [2].  In order to measure the mechanical 
properties corresponding to the high strength region, the reduced gage section for the room temperature 
geometry was thus required to be less than 20 mm.  The hardness profile taken along the width of the 
sample appeared uniform across the entire width with an average hardness of about 533 HV, 
corresponding to a tensile strength of approximately 270 ksi.  This uniform hardness suggested that the 
width of the reduced gage section could be adjusted to ensure that the center of the sample would fail 
before the ends.  The strength profiles determined from transverse and longitudinal hardness profiles and 
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the ends.  Specifically, the cross-sectional area was multiplied by the estimated tensile strength for the 
lower strength (end) region, and then the required (maximum) width for the high strength (center) region 
were calculated so that a lower load would be needed to deform this region. The final geometry for these 
samples was adapted from a specimen geometry used in work by Thomas [24]; for this work the samples 
had an overall narrower reduced section, and wider and longer grip section dimensions.  Figure 3.6 shows 
the final specimen geometry for room temperature tensile tests. 
  
(a) (b) 
Figure 3.5 Hardness (HV) profiles along a) longitudinal and b) transverse cross sections of a sample 
heated to 900 °C, held for 300 s, and then quenched to room temperature. 
 
 
Note: all dimensions in millimeters 
Figure 3.6 Schematic illustration of tensile specimen geometry used for 22MnB5 GI samples tested 
at room temperature. 
3.5 Metallography 
After testing, the samples were sectioned longitudinally and mounted using Epomet F hot mount 
molding compound (Buehler) part way up the mount to enhance edge retention at the surface, and then 
with Bakelite for the remainder of the mount.  To improve edge retention so that the coating could be 
analyzed, multiple sections were included in the same mount, based on techniques used by Jordan et al. 
[26].  Grinding was conducted without water and the mount was cleaned with ethanol between steps, also 
based on the methods outlined by Jordan et al. and suggestions of Xinyan Jin, a visiting researcher at 
CSM [16-17].  Samples were then polished with 6 μm, 3 μm, and 1 μm diamond slurries and examined in 
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the as-polished condition.  Samples which required etching to better reveal the microstructure, and also 
the Fe-Zn interface, were etched with a 1% nitric in ethanol etchant in increments of a few seconds until 
the desired etching response was obtained.  Some samples were also etched using a two-step etching 
technique using etchant containing nitric, picric, and hydrofluoric acids, as developed by Jordan et al.  
[26].  For this technique, the samples were immersed in a solution containing 1% nitric and 1% picric acid 
in ethanol for about 10 s, and then removed and rinsed with ethanol.  Next, the samples were immersed 
for about 5 s in a second solution of the same composition, but with an addition of about 5 drops of 
hydrofluoric acid.  If additional etching was required, the samples were immersed in each solution, with 
the time ratio of 2:1 for the first and second steps.  To qualitatively assess the coating behavior, especially 
the number and depth of cracks, light optical microscopy (LOM) of the substrate and coating interface 
was conducted on samples in both the as-polished and etched conditions.  
3.6 Measurement of Fracture Ductility via Reduction of Area Measurements 
Fracture ductility was measured by determining the percent reduction of area for each sample on 
the fractured ends, using procedures detailed in the following sub-sections.  The percent reduction in area 








  (3.1)  
3.6.1 Fracture End Measurements Using Image Analysis – Hot-Ductility Specimens 
The hot-ductility samples necked significantly before fracture.  While the width of the sample at 
the fracture end could be measured with a micrometer, the thickness at the fracture end could not 
accurately be measured in the same manner, and so measurements of the fracture end thickness were 
pursued using quantitative image analysis techniques.  After deformation, one end of each hot-ductility 
sample was sectioned longitudinally and mounted so that the thickness of the sample at the fracture end 
could be observed.  Light optical images were taken of these fracture-end cross-sections and the thickness 
of the sample was manually measured using ImageJ.  The magnification was calibrated in ImageJ for all 
images, using images of a ruler taken at the same magnification on the LOM.  Figure 3.7 shows example 
images of the fracture-end longitudinal cross-sections for a) uncoated and b) coated 22MnB5 samples 
heated at 20 °C/s to 900 °C and held for 300 s, prior to deformation at 750 °C and quenching.  The 
vertical lines near the fracture ends indicate the fracture end thickness measurement.  Some judgment was 
required in measuring the thickness of the fracture ends of the coated specimens, due to the non-uniform 
necking to the final fracture end.  Measurements were conducted on both halves of the longitudinal 
section for each sample and the average thickness was then multiplied by the measured width of the final 
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fracture to obtain the final cross sectional area.  This final cross sectional area and the initial measured 
cross-sectional area measured prior to deformation were used to calculate the percent reduction in area, 
using Eq. 3.1. 
  
(a) (b) 
Figure 3.7 Examples of light optical images of mounted longitudinal cross sections used for fracture 
end thickness measurements for a) uncoated and b) coated 22MnB5 samples heated at 
20 °C/s to 900 °C and held for 300 s.  The vertical lines near the fracture ends indicate the 
fracture end thickness measurement. 
3.6.2 Measurements of Final Fracture End Cross-Sectional Area from SEM Imaging – 
Hot-Ductility Samples 
Backscatter electron (BSE) images also were recorded of the fracture ends of each sample.  These 
images were then imported into ImageJ and the final fracture area was manually selected and measured 
via the area selection tool.  Figure 3.8 shows an example SEM image of the fracture end of a hot ductility 
sample with the region measured as the final fracture area shown.  Images of the fracture ends were taken 
along the entire width and the area directly measured on each.  The measurements were calibrated by 
focusing on the final fracture region to be measured, so that the corresponding micron bar (generated by 
the scanning electron microscope (SEM) calibration) could be used to determine the cross-sectional area.  
The SEM used to image the samples was reported to be calibrated within five pct, from the last 
calibration completed by the service engineer [28].  All fracture ends were imaged under the same 
working conditions (i.e. working distance and magnification) to help further ensure that consistent 
measurements were made.  Multiple images were taken of the fracture end to capture the entire width of 
the fracture end and the areas from these images were summed to obtain the total final cross sectional 
area.  This analysis was conducted for both uncoated and coated 22MnB5 hot-ductility samples.  
Figure 3.9 shows examples of BSE images used for direct measurements of the cross sectional 
area measurements of final fracture ends for a) uncoated and b) coated 22MnB5 samples heated at 20 °C/s 
to 900 °C and held for 10 s prior to deformation at 750 °C and quenching.  For both the coated and 
uncoated specimens, the direct fracture end area measurement was made in the same way, by selecting the 
region with the ductile void appearance at the center of the sample.  In Figure 3.9, the top and bottom of 
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the selected area region are indicated with white horizontal marker bars.  Because the final fracture area 
was less distinct for the coated samples, a qualitative comparison of the coated and uncoated fracture ends 
was also done and will be discussed further in Chapter 4. 
 
Figure 3.8 An example SEM image of fracture end of a hot ductility sample with the region 




Figure 3.9 Examples of BSE images used for direct measurements of the cross sectional area 
measurements of final fracture ends for a) uncoated and b) coated 22MnB5 samples 
heated at 20 °C/s to 900 °C and held for 10 s.  The white marker bars indicate the top 
and bottom of the region selected for the final fracture area measurement. 
3.6.3 Measurements of Final Fracture End Cross-Sectional Area - Room Temperature Samples 
The room temperature samples did not neck as much as the hot-ductility samples due to a much 
lower test temperature.  Therefore, the cross-sectional area of the fracture ends of the samples deformed at 
room temperature could be measured using a point micrometer.  Three measurements were taken of each 
dimension and the average of these was used to calculate the final cross-sectional area.  Because the 
thickness varied across the width, measurements were taken at several locations across the width and then 
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averaged to determine the fracture end thickness.  As with the hot-ductility samples, Eq. 3.1 was used to 
determine the pct reduction of area in the room-temperature samples.  Macro images were also recorded 
of the fracture ends so that a qualitative comparison of the fractures could be made between the coated 
and uncoated samples processed under each set of parameters. 
3.7 Evaluation of Extent of Cracking – Hot-Ductility Samples  
The extent of cracking was evaluated on the hot-ductility samples (deformed at 750 °C) through 
measurement of crack depth from LOM images of the longitudinal cross sections.  ImageJ was used to 
measure the cracks manually using basic drawing tools.  Figure 3.10 shows a light optical image with 
examples of depth, width, and area measurements.  Measurements of crack depth were made manually 
using the line measurement tool in ImageJ.  The images were aligned with the surface of the coating 
parallel to the frame of the image for easier measuring.  The length of the crack was then determined by 
measuring a straight line perpendicular to the coating surface to the deepest part of the crack.  This 
measurement was taken to be the total crack depth.  Depth measurements were made from the coating 
surface to the deepest point that was clearly connected to the start point; that is, any (occasional) smaller 
cracks that existed sub-surface that were not continuously linked to a crack intersecting the coating 
surface were not counted as part of the total depth.  To determine the crack depth into the substrate, the 
alloyed layer thickness (measured from SEM BSE images for each sample condition) was subtracted from 
the total crack depth.  The layer thickness was defined as the bright (Zn rich) layer at the surface of the 
sample.  EDS scans from the coating surface into the substrate were also conducted to verify the thickness 
of this layers, defined as the thickness from the surface to the point where the scan reached about 100 pct 
Fe.  To also track the “void area” per crack, the width for all cracks was also measured.  In general, the 
cracks narrowed as they propagated further into the sample, so the width at half-crack-depth was 
measured and subsequently used for crack area calculations.  Finally, the outline tool was used to 
manually measure the actual crack area, and these area measurements were also conducted on all cracks.   
The thermal gradient likely resulted in a microstructural gradient as previously mentioned, but 
also likely resulted in a strain gradient during deformation.  In order to compare the extent of cracking 
between different samples, it was necessary to consider cracks likely to have been initiated in regions 
with similar amounts of strain.  The manual depth, width, and area measurements were thus conducted 
from the fracture end to 5 mm back from the end on each specimen, and considered to have resulted from 
a similar amount of strain during deformation. 
3.8 Analysis of Coating-Substrate Alloying in both Undeformed and Deformed Samples 
Metallography was performed on the portions of material removed from the samples to create the 
reduced gage section in each of the heat treated samples.  Both light optical microscopy (LOM) and 
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scanning electron microscopy (SEM) were used to assess the undeformed coating after heat treatment for 
each set of processing conditions on as-polished samples.  Backscatter electron images (BSE) were taken 
of the coating to identify Zn-rich regions, and EDS linescans were performed from the surface of the 
coating into the substrate.  For all coatings, the relative amounts of Fe and Zn were obtained in ZAF 
(Z-atomic number, A-absorption, F-fluorescence) corrected wt. pct, and the data shown in Chapter 4 are 
smoothed using a five point moving average function.  Spot EDS measurements were also made to assess 
a semi-quantitative composition of particular phases in the alloyed layer, and also for comparison to the 
linescans. 
 
Figure 3.10 Light optical image of hot-ductility cracks showing examples of manual measurements 
of area, width, and depth of all cracks.  Note that the depth measurement did not include 
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CHAPTER 4 : COATING EVOLUTION DURING THERMAL TREATMENT  
As mentioned in Chapter 3, analysis of the alloyed layer was conducted on the sections of 
material which were “cut-out” to create the reduced gage section in the samples processed for room-
temperature tensile tests.  Analysis was conducted on specimens obtained from each processing condition.  
This analysis included coating thickness measurements conducted on BSE images obtained in the SEM, 
and compositional information from EDS spot and linescans.  This chapter presents the alloyed layer 
thickness measurements and compositional characterization of the undeformed coating.  As mentioned in 
Section 3.2, the thermal treatments involved heating the specimens at a rate of 20 °C/s up to 750 °C, 
850 °C, or 900 °C, soaking for 10 s, 300 s, or 600 s and then quenching to room temperature.  
4.1 Thickness Measurements on Undeformed Alloyed Layer  
Diffusion between the GI coating and the 22MnB5 substrate began as the sample was heated to 
the soak temperatures, and continued through the soak times for all processing conditions.  This 
interdiffusion resulted in one or more distinct Fe-Zn sub-layers (which had different local compositions) 
at the sample surface.  Because the sub-layers were no longer almost pure Zn, they were collectively 
termed the alloyed layer.  For all processing conditions, the alloyed layer referred to in this study was the 
layer which began at the sample surface and terminated at the Fe substrate.  The position of the Fe 
substrate was defined in the BSE images as the interface between the bright (Zn-rich) region and dark 
steel substrate.  The alloyed layer thickness measurements were conducted on the samples heat treated in 
the Gleeble® and then quenched to room temperature without deformation.  Though the samples did not 
undergo cooling to (or holding at) 750 °C (as was done prior to deformation in the hot ductility samples), 
the extent of alloying was expected to be similar to the specimens hot-tension tested at 750 °C.  Also, the 
undeformed samples did not exhibit major cracking, which made determining the average alloyed layer 
thickness easier.  Only hairline cracks due to differences in thermal contraction between the alloyed layer 
and substrate were observed, and these did not impede measurement of the alloyed layer thickness.   
The thickness of the alloyed layer was determined by imaging the undeformed samples processed 
under each condition in BSE mode, and then selecting the area of the bright, or Zn rich, region at the 
sample surface.  The bright regions were selected via the freehand area selection tool in ImageJ, and then 
the area measurement tool was used for quantification.  The images were calibrated in ImageJ based on 
the micron bar generated by the SEM, and a scale in microns per pixel (μm /pix) was determined.  After 
selection and measurement, the measured area was divided by the width of the SEM image to determine 
the average alloyed layer thickness.  Alloyed layers with compositions containing at least 35 weight 
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percent (wt pct) Zn (as determined by EDS) had a bright enough contrast to be distinguished from the 
substrate sheet.  This method was chosen over multiple discrete thickness measurements to obtain a more 
accurate average coating thickness.  Table 4.1 summarizes the average thickness measurements obtained 
by this method.  The sample held at 750 °C for 10 s had a measured alloyed layer thickness of about 
14 μm, which is slightly more than the reported GI coating thickness of 10 μm (per side) of the as-
received material.  This 10 μm GI layer thickness was also verified for the as-received 22MnB5 material 
used in the present work.  The 14 μm alloyed layer thickness suggests that minimal diffusion between the 
coating and substrate (and alloy layer growth) appeared to occur at the lowest temperature (and will be 
shown in Figure 4.1).  Some loss of the coating may have occurred due to minor evaporation of the 
coating during processing or minimal loss during metallographic preparation. 
To verify the BSE alloyed layer thickness measurements (obtained by measuring the bright, 
Zn-rich region), the thickness was also measured using the alloyed layer composition estimated from EDS 
linescans.  Table 4.1 also shows the thickness as determined by the EDS linescans.  The thickness 
measurement was “standardized” to be the thickness measured from the surface of the alloyed layer 
(sample surface) to the point where the Zn reading on the EDS scan was less than 5 pct (95 pct Fe).  This 
transition to an almost pure Fe reading was determined to represent the location where the unalloyed 
substrate began.  This measurement was conducted on each sample and used to verify the average alloyed 
layer thicknesses obtained from the BSE image measurement technique.  A higher alloyed layer thickness 
was measured  from the EDS scans for most processing conditions, and the 750 °C samples had a 
thickness of about 20 μm for samples processed at all soak times.  However, the linescan measurements 
only came from one or two EDS linescans for each condition, and thus were only representative of the 
coating thickness in a discrete position.  Therefore, the alloyed layer thicknesses obtained from the 
measurement of the “bright region” (BSE image analysis method) was selected as the average alloyed 
layer thickness to be used in subsequent analysis. 
 Table 4.1 – Average Alloyed Layer Thickness (μm) 
 
 BSE Zn rich Area Selection (μm) EDS Thickness Selection (μm) 
 10 s 300 s 600 s 10 s 300 s 600 s 
750 ºC 14.7 ± 0.1 19.1 ± 0.6 21.8 ± 1.6 21.5 19.4 21.0 
850  ºC 19.2 ± 0.5 26.1 ± 0.0 32.6 ± 0.4 23.9 25.0 26.0 
900  ºC 24.2 ± 1.4 32.4 ± 2.6 36.5 ± 3.7 27.9 35.0 38.0 
 
  
The average alloyed layer coating thickness obtained from these measurements will be subtracted 
from the crack depth measurements (Chapter 5) taken on the samples deformed at elevated temperature in 
order to obtain a crack depth into the substrate.  This subtraction allows for a comparison of the extent of 
cracking into the substrate between samples processed under different conditions, as each sample had a 
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slightly different alloyed layer thickness.  The results of the crack depth analysis will be discussed in 
Chapter 5. 
4.2 EDS of Alloyed Layer on Undeformed Samples  
Both EDS spots and linescans were conducted on samples processed under all conditions to semi-
quantitatively measure the composition of the alloyed layer.  Figure 4.1 shows BSE images with EDS 
locations showing overlaid semi-quantitative compositional information overlaid for coated samples 
heated at 20 °C
 
/s to 750 °C and held for a) 10 s, b) 300 s, or c) 600 s and then helium-quenched to room 
temperature.  For all hold times, the Zn-rich layer has a composition of about 65-75 wt pct Zn, 
corresponding to the α + Γ1 and perhaps Γ1 regions of the phase diagram at this temperature.  An Fe-rich 
layer had compositions of about 37-41 wt pct Zn which is consistent with the α region of the Fe-Zn phase 
diagram.  Similar layers are present for all three hold times.  This suggests that the phases which form at 
early hold times (10 s) are maintained over extended hold times and that the overall alloy layer thickness 
increases with hold time (as presented in Section 4.1).  The compositions obtained using spot EDS are 
also consistent with those obtained with linescans.  Thus, it can be assumed that the compositions 
obtained from the linescans of the 850 °C and 900 °C samples accurately reflect the phases present in the 
alloyed layers of these samples as well.    
   
(a) (b) (c) 
Figure 4.1  BSE images with EDS location (white symbols) and semi-quantitative wt pct 
measurements of Fe and Zn in GI samples heated at 20 °C
 
/s to 750 °C and held for a) 
10 s, b) 300 s, or c) 600 s and then helium-quenched to room temperature.  The Zn-rich 
layer, Fe-rich layer and substrate all have similar compositions for the three hold times. 
 
 
EDS linescans were conducted on undeformed coated samples to obtain semi-quantitative 
compositional data about the alloyed layer for each set of processing parameters.  Figure 4.2 shows BSE 
images and corresponding EDS linescans of samples heat treated at 750 °C for a) 10 s, b) 300 s, and c) 
600 s.  The profile for the sample soaked for 10 s showed a change from about 70 wt pct Zn to about 
30 wt pct Zn over a span of about 15 μm from the coating surface to the coating-substrate interface.  
These compositions are consistent with the α + Γ1 and α regions of the Fe-Zn diagram at 750 °C, 
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respectively.  For all hold times, the composition ranges were similar, and corresponded to the same 
regions of the phase diagram (α + Γ1 at the surface, and α closer to the interface).  The sample processed 
for 10 s showed a non-continuous light region at the surface (see white arrows), indicating minimal 
development of a Zn-rich α layer, and thus minimal alloying between the coating and substrate.  The 
300 s sample showed a continuous Zn-rich α layer, suggesting that an intermediate amount of alloying has 
taken place.  Similar to the sample soaked for 300 s, the sample soaked for 600 s also showed a Zn-rich α 
layer.  This layer appeared to be somewhat thicker than the layer present in the sample processed for 
300 s, which indicated enhanced alloying.  Some darker particles were present within the thicker α + Γ1 
layer of the 600 s sample.  These particles may have been α particles within the α + Γ1 layer, present in 
some areas that may have been more Fe-rich than the average for the layer. 
  Figure 4.3 shows BSE images and corresponding EDS linescans of samples heat treated at 
850 °C for a) 10 s, b) 300 s, and c) 600 s.  The profile for the sample processed for 10 s showed a change 
of about 80 weight percent (wt pct) Zn to about 30 wt pct Zn over a span of about 20 μm from the coating 
surface to the coating-substrate interface.  These compositions are consistent with the α + L and α regions 
of the Fe-Zn diagram at 850 °C, respectively.  The sample heat treated for 300 s shows a coating which is 
almost fully alloyed with a few bright Zn-rich regions, and an overall composition of about 30 wt pct Zn, 
corresponding to the α + Γ1  and α phases.  The lighter Zn-rich regions appear to be located as “pockets” 
between α particles within the α + Γ1 layer.  Because this sample was processed above 782 °C, melting of 
the Zn layer was likely to have occurred, as the alloyed layer composition at 850 °C  resides in the α + L 
portion of the equilibrium phase diagram.  It is not clear whether the α particles began forming in the 
liquid or were present in the alloy layer prior to melting.  The 600 s sample showed a fully alloyed α 
phase layer, as may be expected with increased alloying time; increased time would allow for both α 
phase layer growth and further growth and  impingement of the α particles, consuming any Zn-rich liquid.   
Figure 4.4 shows BSE images and corresponding EDS linescans of samples heat treated at 900 °C 
for a) 10 s, b) 300 s, and c) 600 s.  As with the sample processed at 850 °C for 10 s, the 900 °C, 10 s 
sample appeared to be largely Zn-rich at the coating surface, with a composition transitioning from about 
90 to about 30 wt pct Zn over a span of about 25 μm.  This change in wt pct Zn is consistent with the 
presence of the α + Γ1 and α phases, respectively, and increased alloying kinetics between the coating and 
substrate with increased processing temperature.  In contrast to the somewhat connected layers that were 
visible in the 850 °C, 10 s condition, the 900 °C, 10 s sample appeared to have a small α layer at the 















Figure 4.2 BSE images and corresponding EDS linescans on as-polished longitudinal cross-sections of 
undeformed GI samples heated at 20 °C
 
/s to 750 °C and held for a) 10 s, b) 300 s, and c) 
600 s.  The arrows in the 10 s image indicate the a non-continuous light region at the 
surface, corresponding to minimal development of a Zn-rich α layer (color image; refer to 
PDF thesis file). 
 
 












Figure 4.3 BSE images and corresponding EDS linescans on as-polished longitudinal cross-sections of 
undeformed GI samples heated at 20 °C
 
/s to 850 °C and held for a) 10 s, b) 300 s, and c) 
600 s (color image; refer to PDF thesis file).  
 
 











Figure 4.4 BSE images and corresponding EDS linescans on as-polished longitudinal cross-
sections of undeformed GI samples heated at 20 °C /s to 900 °C and held for a) 10 s, b) 
300 s, and c) 600 s (color image; refer to PDF thesis file). 
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850 °C, the samples processed at 900 °C were also above the highest peritectic on the Fe-Zn phase 
diagram, and thus also would have had a partially liquid coating during processing for the measured 
compositions in the alloyed layer.  In the sample processed at 900 °C for 300 s, fewer bright regions were 
observed than in the 850 °C, 300 s specimen, again suggesting that a greater extent of alloying took place 
with increased temperature.  Based on the observed increase in thickness of the α layer, and also shrinking 
of pockets of Zn-rich regions (perhaps representing an “interdendritic” liquid), it is possible that 
simultaneous α layer growth and α particle growth took place.  Finally, the 900 °C, 600 s showed a 
relatively uniform composition consistent with that in the 850 °C, 600 s condition, with a fully α alloyed 
layer.  Again, though the composition is similar in the 850 °C and 900 °C, 10 s samples, the thicker alloy 
layer suggested increased Fe-Zn reaction kinetics between the coating and substrate at increased 
temperature. 
The samples soaked for 10 s and 300 s (short and intermediate times) for all processing 
temperatures showed Zn-rich regions with compositions consistent with the α + Γ1 region (or α + L 
regions at each elevated temperature) of the Fe-Zn phase diagram.  It is thus likely that Zn-rich liquid was 
present in the alloyed layer during processing, and therefore also during deformation at elevated 
temperature.  The presence of this liquid may enable some degree of LME.  However, at extended times 
(600 s), the alloyed layer was completely consumed by the α phase and there was minimal Zn-rich liquid 
available for LME.  The extent of alloying and available Zn-rich liquid during processing will be further 
correlated to the extent of cracking in Chapter 5.   
It is important to note, that in all samples, no brighter (Zn-rich) regions were observed to extend 
into the substrate sheet for any processing condition.  This suggests that Zn does not penetrate grain 
boundaries during any heat treatment conditions in which the sample remains undeformed.  Grain 
boundary Zn penetration and ductility at low and elevated temperatures will be examined in later 
chapters. 
4.3 Comparison to Alloyed Layer Composition in Deformed Samples 
Because the coating was more intact in undeformed samples, these samples were used for semi-
quantitative EDS linescan and spot analyses.  To verify that the coating behavior in the undeformed 
samples could be compared to that of the deformed samples given similar thermal treatments, EDS data 
were also acquired on the some of the deformed specimens.  Figure 4.5 shows a BSE image with overlaid 
semi-quantitative EDS spots of the alloyed layer of a coated hot-ductility sample heated at 20 °C
 
/s to 
850 °C and held for 10 s.  The alloyed layer consisted of one region with a composition of about 76 wt pct 
Zn, and one region with about 36 wt pct Zn, both within the α + Γ1 region of the phase diagram at that 
temperature.  These phases were also found in the sample processed under the same conditions without 
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the deformation step.  As was identified from the composition range identified in the undeformed 850 °C, 
10 s sample, the alloyed layer present in the deformed 850 °C, 10 s sample may have had some Zn-rich 
liquid present at elevated temperature.  It is likely that this Zn-rich liquid was also present during 
deformation.  Based on the EDS composition comparison, it was apparent that a similar extent of alloying 
occurred in deformed and undeformed samples processed under the same conditions, respectively.  
Therefore, the compositional information can be used to assist in interpreting the material behavior, both 
at elevated and room temperature.   
 
 
Figure 4.5 BSE image with EDS spots overlaid on sample heated with overlaid semi-quantitative 
EDS locations (white symbols) of the alloyed layer of a coated hot-ductility sample 
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CHAPTER 5 : RESULTS AND DISCUSSION - ELEVATED TEMPERATURE TENSILE BEHAVIOR 
As described in Chapter 3 two sets of samples were processed in the Gleeble® 3500 using the 
same heating rate, hold temperature, and hold times, with one set deformed at 750 ºC and the other set 
deformed at room temperature.  This chapter presents the mechanical properties for the samples deformed 
at 750 ºC, referred to as the hot-ductility samples (deformation at room temperature is presented in 
Chapter 6).  An assessment of the ductility of samples processed under each condition via reduction of 
area measurements, as well as quantitative analysis of the extent of cracking are also presented. 
5.1 Ultimate Tensile Strength of Hot-Ductility Samples  
Among the mechanical properties obtained for all samples from elevated temperature tests in the 
Gleeble® 3500 was the ultimate tensile strength (UTS).  This property was compared for all processing 
conditions for both coated and uncoated samples.  Figure 5.1 shows the UTS data for samples soaked for 
a) 10 s, b) 300 s, or c) 600 s at each hold temperature and then strained to failure at 750 °C before being 
quenched to room temperature.  The UTS of the 750 °C samples was lower than that of the 850 °C and 
900 °C samples for all soak times; this is likely related to processing below the Ac3 temperature for 
22MnB5.  Because the 750 °C samples were processed below the Ac3 temperature for 22MnB5, these 
samples likely did not have an austenitic microstructure during deformation.  The microstructural 
differences between these samples and the 850 °C and 900 °C samples likely contributed to the 
differences in UTS (and elongation as discussed later).  These differences make a direct comparison 
between samples treated at different times and temperatures more challenging.  However, the 850 °C and 
900 °C samples should be comparable, as they both had austenitic microstructures, though the effect of 
soak time may also play a role.  The 850 °C and 900 °C samples were processed above the Ac3 
temperature, and the UTS range (about 34-38 ksi, or about 238-266 MPa) measured in this study for all 
soak times is within the typical reported tensile strength range for austenitized 22MnB5 [2].  The UTS 
decreased with increasing soak time for samples processed at 850 °C and, perhaps to a lesser extent, for 
samples processed at 900 °C.  The decrease in UTS could be due to coarsening of the microstructure as 
the sample was held at an elevated temperature for longer times.  For all processing conditions, the UTS 
of the coated samples appeared similar to that of the uncoated samples, suggesting that the coating did not 
have a major effect on the elevated temperature tensile strength.  Because the UTS range for the 850 °C 
and 900 °C samples was in the reported range for austenitized 22MnB5, significant Zn penetration or 
embrittlement was not evident based on these data.  Conclusions about the extent of Zn penetration and 
resulting effect on sample ductility may be more accurately reflected in the elongation data. 





Figure 5.1 UTS for coated and uncoated samples tested at 750 °C in uniaxial tension after 
being heated at 20 °C /s to 750 °C, 850 °C or 900 °C and held for a) 10 s, b) 300 s, 
or c) 600 s, allowed to cool to 750 °C, strained to failure, and then 
helium-quenched to room temperature.  In all cases, the UTS of the coated 
samples appear to be consistent with that of the uncoated samples. 
5.2 Change in Length of Hot-Ductility Samples  
For all samples, the total elongation was determined from the Gleeble® stroke data.  These data 
were compared to the change in length obtained by subtracting the initial total length from the final total 
length of each sample.  The final length of each sample after deformation at elevated temperature was 
measured by putting the two halves back together and measuring the total sample length.  Figure 5.2 
shows the effect of soak time for each temperature on the change in length as measured with calipers 
(Figure 5.2a), and total elongation from the Gleeble® stroke data (Figure 5.2b).  The error bars indicate 
the range of data obtained from duplicate samples.  The symbol indicates the average value. 
For all temperatures, the measured change in length and elongation data appear to increase with 
increasing hold time.  The 750 °C samples show the greatest elongation at all hold times.  At the 10 s 
(shortest) soak time, the total elongation was very similar for all hold temperatures, and this may suggest 
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that the coating has a similar effect on the substrate under these conditions.  Because the elongation for all 
hold temperatures increased in general with increased soak time, this may further suggest that the coating 
reduces the elongation at short soak times.  The increase in the measured change in length and elongation 
from the 10 s to 600 s samples was similar to the increased ductility with increased hold time observed in 
other studies [9].  
  
(a) (b) 
Figure 5.2 Hot ductility based on a) change in length, and b) total elongation from Gleeble® stroke 
data, versus time (note log scale) of coated samples heat treated at 750 °C, 850 °C, and 
900 °C.  The symbol indicates the average value, while the error bars indicate the range of 
values from duplicate samples. 
 
Coated samples may be compared to uncoated samples processed using the same heating profile 
to better understand the effect of the coating on the mechanical properties.  Figure 5.3 shows the change 
in length of both uncoated and coated samples heated at 20 °C
 
/s to target temperatures of 750 °C, 850 °C, 
or 900 °C and held for a) 10 s, b) 300 s, or c) 600 s, and strained to failure at 750 ºC in the 
Gleeble® 3500.  For all temperatures, the measured change in length was greater in the uncoated samples 
than in the coated samples, with the exception of the sample processed at 900 °C for 600 s.  This may 
suggest that the coating contributes to a decrease in elongation, and thus ductility, for all processing 
temperatures at short and intermediate a hold times (10 s, and 300 s), and though less pronounced, also 
for extended hold times (600 s) at 750 °C and 850 °C.  This result is similar to that of other groups who 
have reported decreased ductility in coated material compared to uncoated material processed under the 
same conditions, but a less significant effect on the ductility when deformed after extended hold times [9].  
The sample processed at 900 °C for 600 s may indicate that if samples are processed at increased 
temperatures and hold times, there is not a clear effect of the coating on the elongation, and thus ductility. 
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(a) (b)  
 
(c) 
Figure 5.3 Change in length for GI and uncoated samples tested at 750 °C in uniaxial 
tension after being heated at 20 °C /s to 750 °C, 850 °C or 900 °C and held for 
a) 10 s, b) 300 s, or c) 600 s.  After deformation at 750 °C, the samples were 
then helium-quenched to room temperature.   
5.3 Percent Reduction of Area Measurements of Hot-Ductility Samples 
As described in Chapter 3, percent reduction of area (pct R.A.) in the hot-ductility samples was 
obtained by measuring the final fracture cross-sectional area using two methods.  The first was to measure 
the thickness of the final fracture end from images of longitudinal cross-sections, and multiply them by 
the caliper-measured width of the samples.  All samples were sectioned longitudinally at mid-width, and 
thus images were obtained near the centerline of the sample width.   Figure 5.4 and Figure 5.5 show 
images of the longitudinal cross-sections used to measure fracture end thickness for uncoated and coated 
samples, respectively.  In both figures, marker bars show how the fracture end thickness was measured on 
each sample.  The uncoated samples appeared to neck down smoothly and the final fracture ends were 
apparent and could easily be measured.  In general, the fracture ends appeared to neck down to a smaller 
fracture end thickness with increasing hold time for each temperature.  The most pronounced decrease in 
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fracture end thickness (with increased soak time) of the uncoated samples was in the 900 °C series, with 
the sample soaked for 600 s having the smallest fracture end thickness.  Using the width measurements 
with the fracture end thickness, this sample also had the largest reduction of area, and thus highest 
ductility. 
 
The coated samples had a less “smooth” necked region and more subjectivity was involved in 
measuring some fracture end thicknesses.  In all cases, the fracture end thickness was measured as the 
substrate thickness only; the coating was not included in the thickness measurements.  In most cases, the 
fracture end thickness was measured across the gap between two well-defined 45º shear lips.  The 
exception to this measurement technique was in the 750 °C and 900 °C samples processed for 600 s, 
where the samples appeared to neck down to a single fracture feature.  In these samples, the thickness of 
this fracture feature was measured as the final fracture end thickness.  Coated samples which exhibited 











Figure 5.4 LOM images of fracture ends of longitudinal cross-sections of uncoated hot-ductility samples 
heated at 20 °C /s to 750 °C, 850 °C, or 900 °C and held for 10 s, 300 s, or 600 s.  The 
samples were strained to failure at 750 °C and then helium-quenched to room temperature.  
The final fracture ends were measured based on the small vertical bars shown. 
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fracture ends with neither of these distinct features required some judgment during measuring.  Marker 
bars indicate where the thickness measurement was conducted on each fracture end shown.  Though 
trends in the fracture end thickness in the coated samples with increased hold time were not as obvious as 
in the uncoated samples, the 900 °C, 600 s condition also appeared to have the smallest fracture end 
thickness of the coated samples, indicating greater hot ductility.  Though only one example of each 
fracture end cross-section is shown for both the uncoated and coated samples, an average of the 
thicknesses measured from both halves of the same longitudinally sectioned fracture end was used for the 
final fracture area determination.  The quantitative pct R.A. data using this method are shown at the end 
of this section. 
 











Figure 5.5 LOM images of fracture ends of longitudinal cross-sections of coated hot-ductility samples 
heated at 20 °C
 
/s to 750 °C, 850 °C, or 900 °C and held for 10 s, 300 s, or 600 s.  The samples 
were strained to failure at 750 °C and then helium-quenched to room temperature.  The final 
fracture ends were measured based on the small vertical bars shown. 
 
In addition to measuring the final fracture end thicknesses, qualitative comparisons of the final 
fracture ends were also conducted.  A qualitative comparison of the fracture end thicknesses (Figure 5.4 
and Figure 5.5) for both the uncoated and coated samples suggests that there is an effect of soak time on 
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the hot ductility.  Though a trend across all soak times and temperatures is not obvious, the uncoated and 
coated 900 °C, 600 s samples showed the smallest fracture end thickness overall, suggesting the highest 
ductility.  These two samples also appeared to have similar final fracture thicknesses, further suggesting 
that the coating did not significantly impact the ductility.  This last observation was in agreement with the 
elongation data; the coated and uncoated 900 °C, 600 s samples appeared to have similar elongation, and 
thus ductility, as previously mentioned. 
The other method used to determine the pct R.A. was to directly measure the final fracture area 
from SEM images viewed parallel to the loading axis on the fracture ends.  In all images, the top and 
bottom edges of the specimen correspond to the top and bottom surfaces of the sheet, while the center 
region is the final fracture end (protruding in the direction out of the page).  Figures 5.6 -  5.8 show SEM 
images of the fracture ends of uncoated and coated hot-ductility samples heated at 20 °C
 
/s to 750 °C, 
850 °C, or 900 °C  and held for a & d) 10 s, b & e) 300 s, and c & f) 600 s, respectively.  Marker bars 
were added to indicate the top and bottom of the region where the final fracture area was measured.  This 
region corresponded to approximately the same portions of the specimens as were measured in the LOM 
images.  As was noted for the longitudinal cross-sections, the uncoated samples appeared to neck down 
smoothly and substantially to the final fracture end, while the coated samples appeared to have a more 
“step-down”, or less smooth, necked region.  A qualitative comparison of the fracture ends showed that 
the coated samples held at the target temperature for 10 s had the least ductile fracture end appearance 
compared to the respective uncoated sample processed for 10 s at the same temperature.  The coated 
samples processed at 850 °C for 600 s, 900 °C for 300 s, and 900 °C for 600 s exhibited smoother necked 
regions and more distinct final fracture ends, comparable to the uncoated samples processed under the 
same conditions.  This may indicate a minimal loss of ductility in coated samples processed under these 
conditions.  
Due to the less smooth (ductile) appearance of most of the uncoated samples, the final fracture 
area measurements required some judgment.  In order to have a consistent set of parameters for all 
samples, the final fracture area was considered to be the area at center thickness of the sample which 
comprised ductile voids.  This last region to fail likely would have experienced the highest temperature 
during straining (due to the resistive nature of heating in the Gleeble® 3500).  The quantitative pct R.A. 
data obtained using the direct final fracture area measurement technique are compared to those of the 
optical fracture end cross-section measurement technique and presented at the end of this section. 
Qualitative comparisons were also made between the fracture ends of the coated and uncoated 
samples processed under each condition.  In the 750 °C series, the fracture ends of the uncoated samples 
appear to neck down smoothly for all soak times, while the coated samples have a more jagged 
appearance.  The less smooth appearance of the coated samples suggested that the coating behavior may 
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have impacted the surface morphology of the samples.  The uncoated 850 °C samples exhibited smooth 
fracture ends for all soak times as well.  However, the coated samples held at 850 °C for 10 s and 300 s 
showed a less smooth necked region than the uncoated counterparts.  A smoother fracture end was more 
apparent on the coated sample soaked for 600 s (longest soak time).  These data also align well with the 
measured change in length data.  That is, the coated 850 °C sample soaked for 600 s had the elongation 
closest to the uncoated sample processed under the same condition, suggesting similar ductility.  At 
900 °C, only the coated sample processed for 10 s had a less smooth necked region appearance, and thus 
suggested that the coating only affected the surface morphology at this shortest soak time.  This fracture 
appearance agreed with the elongation data.  The samples held at 900 °C for intermediate and extended 
soak times (300 s and 600 s) appeared to have smoother fracture ends, suggesting only a minor effect of 
the coating under these conditions.  This was supported by the elongation data, which showed that the 
coated and uncoated specimens had similar ductilities. 
 
 10 s 300 s 600 s 
Uncoated 
   
 (a) (b) (c) 
Coated 
   
 (d) (e) (f) 
Figure 5.6 SEM images of fracture ends of both uncoated and coated hot-ductility samples heated at 20 °C
 
/s to 
750 °C held for a & d) 10 s, b & e) 300 s, or c & f) 600 s.  The samples were strained to failure at 
750 °C and then helium-quenched to room temperature. 
 
For both pct R.A. measurement techniques described, the final cross-sectional fracture areas were 
used with Eq. 3.1 to obtain the pct R.A.  Figure 5.9 shows plots of pct R.A measured using width 
measurements obtained with calipers and thickness measurements from optical images of longitudinal 
cross-sections for a) uncoated and b) coated samples.  Trends in these pct. R.A. measurements were 
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 10 s 300 s 600 s 
Uncoated 
   
 (a) (b) (c) 
Coated 
   
 (d) (e) (f) 
Figure 5.7 SEM images of fracture ends of both uncoated and coated hot-ductility samples heated at 20 °C
 
/s 
to 850 °C held for a & d) 10 s, b & e) 300 s, or c & f) 600 s.  The samples were strained to failure 
at 750 °C and then helium-quenched to room temperature. 
 
 
 10 s 300 s 600 s 
Uncoated 
   
 (a) (b) (c) 
Coated 
   
 (d) (e) (f) 
Figure 5.8 SEM images of fracture ends of both uncoated and coated hot-ductility samples heated at 20 °C
 
/s to 
900 °C held for a & d) 10 s, b & e) 300 s, or c & f) 600 s.  The samples were strained to failure at 
750 °C and then helium-quenched to room temperature. 
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similar to those obtained from SEM images of fracture ends for c) uncoated and d) coated samples.  
Almost all conditions had similar ductility values, with reductions in area generally above 85 pct.  For 
most conditions, the pct. R.A. values are similar between the two methods, and in particular the sample 
processed at 900 °C for 600 s appears to have similar pct. R.A. in both the coated and uncoated 
conditions.  This may indicate that there is no substantial decrease in ductility for this condition.  The 
change in length data presented earlier also suggest minimal loss in ductility for this sample, as the 
uncoated and coated 900 °C, 600 s samples show similar length changes. 
One condition that had a notably different pct R.A. between the two measurement techniques to 
assess pct R.A. was the coated sample processed at 850 °C, for 600 s.  The pct R.A. was much lower 
using thickness measurements from the LOM images of the longitudinal cross-sections and and the 
caliper measurements, than the direct method using the SEM.  This was because one of the fracture end 
thicknesses measured from the longitudinal cross-sections was substantially larger than the other, 
resulting in an overall high average thickness, which was then used to calculate a high fracture end cross 
sectional area.  The discrepancy between the thicknesses of the two halves of the sample may have been 
caused by discrepancies in sample preparation, especially if the sample was not sectioned and ground 
precisely perpendicular to the specimen thickness.  Though the ductility of the coated 850 °C, 600 s 
sample is lower than those processed for 10 s and 300 s in the SEM measurements as well, it is not as 
pronounced.  This may suggest differences in accuracy between the SEM and LOM-based measurements 
determinations of pct R.A.  The smaller decrease in ductility in the 850 °C, 600 s coated sample 
(compared to the uncoated sample) obtained from SEM measurements was similar to the minor decrease 
in ductility observed in the elongation data.  Overall, the elongation and pct R.A. data, and corresponding 
fractography, suggest that as the temperature and soak time increased, the effect of the coating on the 
substrate (specifically the ductility) decreased, and therefore the sample ductility was preserved to a 
greater extent. 
5.4 Quantification of Cracking into Coating and Substrate in Hot-Ductility Samples 
Quantification of cracks was done manually based on optical and BSE images of longitudinal 
cross-sections of the hot-ductility samples.  The approximate crack depths into the substrate steel were 
determined by subtracting the thickness of the alloyed coating layer for each condition (see Section 4.1) 
from the total depth of each crack measured.  Figure 5.10 shows LOM images of the penetration depth 
measured from the Zn-Fe layer/Fe substrate interface for samples processed at 900 °C for a) 10 s and b) 
300 s.  In each case, the white dashed line indicates the interface from which the depth into the substrate 
was measured.  Because the Zn-Fe layer thickness was different for each processing condition, crack 
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measurements were reported with the interface as the reference point to allow for comparison of crack 
depth into the substrate between samples. 

























 (c) (d) 
 
Figure 5.9    Pct R.A measured using width measurements obtained with calipers and thickness 
measurements from optical images of longitudinal cross-sections for a) uncoated 
and b) coated samples, and pct R.A. measurements from direct fracture area 






Figure 5.10  LOM images of the penetration depth measured from the Zn-Fe layer/Fe substrate 
interface for samples processed at 900 °C for a) 10 s and b) 300 s.  In each case, the 
white dashed line indicated the interface from which the depth into the substrate 
was measured.   
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Figures 5.11 - 5.13 show example images of cracking in the longitudinal cross-sections of coated 
samples processed at 750 °C, 850 °C and 900 °C for all soak times.  Corresponding histograms showing 
the number of cracks (over a 5 mm length) and crack depth into the substrate are shown for each 
condition.  In Figure 5.11a) the interface between the Zn-Fe layer/Fe substrate is indicated with the arrow 
and labels, and in Figure 5.11b) the 0 μm location is also identified on the histogram (with an arrow and 
label) to indicate the interface as the reference point for measuring crack penetration.  
For all soak temperatures, the number of cracks appeared to increase with time at temperature, 
while the median crack depth appeared to decrease.  The most pronounced decrease in crack length and 
increase in number of cracks occurred in all samples between the 10 s and 300 s hold times.  Overall, the 
750 °C, 10 s sample had cracks which penetrated the farthest below the alloyed layer; over 200 µm in a 
few cases.  The 900 °C, 600 s sample had the shallowest cracks, with most penetrating less than 20 µm 
into the substrate.  If the depth of cracking is indicative of the overall sample ductility, the shallow crack 
depth observed in the 900 °C, 600 s sample may be consistent with the slightly higher change in length 
and pct. R.A.  Lee et al. reported that GI samples soaked at 850 °C for 6 min and then subsequently 
deformed 850 °C, exhibited a total strain of about 15 pct, and also exhibited cracking and Zn penetration 
[9].  In the same study, increased soak time resulted in both increased total elongation (up to 40 pct after a 
20 min soak time) and no cracks [9].  Though Lee et al. did not quantify the extent of cracking as done in 
the present work, that study suggested a correlation between reducing the number of cracks and 
increasing ductility.  Zn penetration below cracks was not considered in the crack depth measurements 
presented here, but will be discussed in later in this section. 
Qualitative correlations between the fracture end images (pct R.A.) and the crack measurements were 
made for the purpose of relating the extent of cracking to the observed ductilities.  Specifically, crack 
depths and appearances of fracture ends were compared.  The number and depth of cracks obtained from 
the image analysis measurements were correlated to the qualitative trends seen in the fracture ends of the 
hot-ductility samples.  The coated sample processed at 850 °C for 600 s had cracks which were about 
0-40 µm deep, which were shorter than those observed in samples soaked for shorter times at the same 
temperature.  The fracture end of this sample also appeared to neck down further and have a smaller final 
fracture area than the other 850 °C samples (as was shown in Figure 5.7).  In the samples heated to 
900 °C and held for 300 s and 600 s, even shallower cracks were prevalent; some cracks had depths up to 
40 µm, but in general the cracks were about 0-20 µm deep.  These two samples also exhibited smooth 
necked regions and smaller final fracture areas, consistent with ductile behavior (shown in Figure 5.8).  
The observed decrease in crack length and more ductile appearance of the fracture ends suggest that with 
extended hold times at these temperatures (850 °C for 600 s, 900 °C for 300 s , and 900 °C for 600 s) 
perhaps cracking can be minimized and ductility maintained.  For the 900 °C, 300 s and 900 °C, 600 s 
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samples specifically, this trend is also supported by the similar change in length between the coated and 













 (e) (f) 
Figure 5.11 Images of as-polished longitudinal cross-sections of hot-ductility GI samples heated at 20 °C
 
/s 
to 750 °C and held for a) 10 s, c) 300 s, and e) 600 s (and subsequently deformed and quenched 
to room temperature)  used to measure crack depth.  Corresponding histograms of all cracks 
measured within a 5 mm length of the fracture end of each sample are shown respectively in b) 























 (e) (f) 
Figure 5.12 Images of as-polished longitudinal cross-sections of hot-ductility GI samples heated at 20 °C /s to 
850 °C and held for a) 10 s, c) 300 s, and e) 600 s (then cooled to 750 °C, deformed and quenched 
to room temperature) used to manually measure crack depth.  Corresponding histograms of all 
cracks measured within 5 mm of the fracture end of each sample are shown respectively in b) 10 s, 
d) 300 s, and f) 600 s. 
 












 (e) (f) 
Figure 5.13 Images of as-polished longitudinal cross-sections of hot-ductility GI samples heated at 20 °C
 
/s to 
900 °C and held for a) 10 s, c) 300 s, and e) 600 s (then cooled to 750 °C, deformed, and 
quenched to room temperature) used to manually measure crack depth.  Corresponding histograms 
of all cracks measured within 5 mm of the fracture end of each sample are shown respectively in 
b) 10 s, d) 300 s, and f) 600 s. 
 
In order to correlate the location of the Zn, and perhaps extent of Zn penetration into the 
substrate, to the cracking behavior, BSE imaging was also conducted on the alloyed layer of the 
longitudinal cross-sections of the hot-ductility samples.  Figure 5.14 shows examples of BSE images 
taken of samples heated to 750 °C and held for a) 10 s, b) 300 s, and c) 600 s, to 850 °C and held for d) 
10 s, e) 300 s, and f) 600 s, and to 900 °C and held for g) 10 s, h) 300 s, and i) 600 s.  The deepest cracks 
were seen in all samples processed for 10 s at all temperatures, with some Zn penetration below the crack 
into the substrate.  Not all cracks showed Zn penetration, but those associated with Zn penetration 
exhibited some variation in penetration depth.  Variability in the crack depth and Zn penetration into the 
substrate were especially observed in the 750 °C, 10 s sample.  Figure 5.15 shows BSE images of the 
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cracks found in sample held for 10 s at 750 °C a) with extensive Zn penetration at the bottom of the crack, 
and b) without Zn penetration below the crack.  Similarly, variation in the Zn penetration was also 
observed in the sample soaked 900 °C for10 s.  Figure 5.16 shows BSE images of the sample held for 10 s 
at 900 °C a) with extensive Zn penetration at the bottom of the crack, and b) Zn penetration without an 
apparent crack in the same region.  The presence of Zn without a corresponding crack may be a result of 
sectioning and grinding through a crack which had associated Zn penetration.  This was thought to be 
more likely than Zn penetration in the absence of a crack, because similar Zn penetration below the 
alloyed layer was not observed in the undeformed samples.  These images demonstrate that though Zn 
penetration into the substrate can be extensive, penetration is not necessarily associated with all cracks.   
 
In the 750 °C, 10 s sample, the phases identified through EDS spot analysis and linescans were 
α + Γ1 and α.  Because the soak temperature of 750 °C was below 782 °C (the highest peritectic), it was 
 10 s 300 s 600 s 
750 ºC 
   
 (a) (b) (c) 
850 ºC 
   
 (d) (e) (f) 
900 ºC 
   
 (g) (h) (i) 
Figure 5.14 BSE images of the coating and crack behavior in hot-ductility samples heated to 750 °C and 
held for a) 10 s, b) 300 s, and c) 600 s, to 850 °C and held for d) 10 s, e) 300 s, and f) 600 s, 
and to 900 °C and held for g) 10 s, h) 300 s, and i) 600 s.  Zn penetration from the bottom of 
the cracks into the substrate steel was evident for samples soaked for 10 s at all hold 
temperatures. (Tensile axis horizontal in all images). 
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expected that almost no Zn-rich liquid was present in the alloyed layer.  However, the composition and 
temperature regime of the alloyed layer during processing are very close to the Γ1 + L boundary on the 
Fe-Zn phase diagram.  With slight variations in coating composition, it is possible that liquid Zn may 
have been present during deformation.  This minimal liquid may have been one reason that there was 
penetration below the cracks (into the substrate) for only some of the cracks in the material.  Cracks with 
Zn penetration beyond the bottom of the crack were localized near the fracture end of the specimen, the 
hottest part of the sample during deformation.  This may suggest that though some Zn-rich liquid was 
present at 750 °C, less was present at slightly lower temperatures, located further from the sample mid-
length.  In contrast to the 10 s samples, the samples soaked for 300 s at 750 °C showed no Zn penetration 
into the substrate, and no penetration below or along the edges of the cracks was observed.  This could be 
due to increased alloying resulting from increased soak time and less Zn-rich liquid being available 
during deformation.  However, cracking into the substrate (beyond the alloyed layer) was still observed.  
The samples soaked for extended (600 s) soak times showed no Zn penetration into the substrate.  The 
cracking observed in these samples also did not extend past the interface between the alloyed layer and 
the substrate.  This suggested that the conditions needed to promote cracking into the substrate were not 
present after the 600 s soak time for all temperatures.  At extended hold times, a fully alloyed α layer (no 
α + Γ1  phase, and thus likely no α + L phase during deformation) was observed, suggesting that Zn-rich 
liquid was not present during deformation.  The decrease in observed Zn penetration is likely linked to 
this increased alloying, as has been observed in other studies [9].   
  
(a) (b) 
Figure 5.15 BSE images of the cracks found in sample held for 10 s at 750 °C a) with 
extensive Zn penetration at the bottom of the crack, and b) without Zn penetration 


























     
(a) (b) 
Figure 5.16 BSE images of the sample held for 10 s at 900 °C a) with extensive Zn 
penetration at the bottom of the crack, and b) Zn penetration into the substrate 
without an apparent crack in the same region. 
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CHAPTER 6 : RESULTS FOR ROOM-TEMPERATURE DEFORMATION BEHAVIOR  
6.1 Introduction 
The mechanical properties, microstructural analysis, and the coating response in samples 
deformed at room temperature will be discussed in this section.  The mechanical behavior including UTS 
and change in length measurements are discussed as well as pct R.A. obtained from direct measurement 
of the fracture ends after uniaxial tension tests.  Qualitative comparisons of macro images were also made 
between the fracture ends of the samples deformed at room temperature.  Additional SEM images of the 
fracture ends were obtained to better understand the fracture behavior of the samples.  The behaviors 
addressed in this chapter are relevant in the context of the in-service behavior of the Zn-coated hot-
stamped components. 
6.2 Microstructural Analysis of Samples Deformed at Room Temperature 
Investigations of the microstructures of the 22MnB5 sheet after heat treatment were conducted in 
order to assist in interpretation of the room temperature mechanical behavior.  All samples were etched 
and imaged to confirm the type of microstructure formed during heat treatment in the Gleeble®.  The 
samples were sectioned longitudinally and mounted and polished using standard metallographic 
techniques.  To reveal the microstructure for LOM imaging, the samples were then etched with a 2 pct 
nital etchant.  This etchant was chosen so that non-martensitic regions which were lower in carbon, such 
as ferrite, would be visible.  Appendix B shows the microstructures achieved in uncoated and coated 
specimens processed at 750 °C and 900 °C (without deformation) and then helium quenched to room 
temperature.  The samples processed at 750 °C for all soak times had dual phase microstructures with 
intercritical ferrite and dark etching martensite.  Differences were observed in the microstructures of the 
samples processed at 850 °C.  Figure 6.1 shows LOM images of the coated specimens soaked at 850 °C 
for a) 10 s, b) 300 s, or c) 600 s (and then quenched to room temperature and deformed in tension), etched 
with 2 pct nital.  The plate or lath structures indicative of a martensitic microstructure were not observed 
in either the specimen soaked at 850 °C for 10 s or at 850 °C for 300 s.  Instead, a microstructure with 
both dark (carbide containing) and light (fewer carbides) regions was observed.  The non-martensitic 
microstructure presumably led to the lower UTS and higher ductility results, compared with the other 
samples (discussed in Sections 6.3-6.4).  Upon additional investigation into the heating profiles, it 
appeared that the quench time was insufficient to cool the samples to a low enough temperature to form a 
martensitic microstructure. 
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Figure 6.2 shows thermal profiles of the coated specimens soaked at 850 °C for a) 10 s and b) 300 s, and 
then quenched to room temperature for subsequent deformation.  The dashed line shows the programmed 
temperature profile and the solid line indicates the control thermocouple reading.  In the sample soaked at 
850 °C for 10 s, the specimen appeared to exhibit recalescence beginning at about 600 °C after the quench 
was shut off.  A possible reason that these samples were not cooled to a low enough temperature to 
prevent recalescence could be that the helium quench step programmed in the Gleeble® program was not 
long enough or the pressure in the quench line was too low.  Misalignment of the quench apparatus may 
also have contributed to a cooling rate that was slower than desired.  Due to lack of material, additional 
samples were not run of these conditions to determine the room temperature mechanical behavior if a 
martensitic microstructure had been achieved.  However, the heating profiles for all other samples were 
analyzed and no recalescence was observed in either the uncoated or coated samples processed under 
other conditions.  In the sample soaked at 850 °C for 300 s, recalescence began at a lower temperature, 
reflected in the acicular character of the microstructure, shown in Figure 6.1.  In contrast, the coated 
specimen soaked at 850 °C for 600 s appeared to have the desired martensitic microstructure.  The 
uncoated and coated specimens processed at 900 °C for all soak times also appeared to have martensitic 
microstructures (Appendix B).  The similar microstructure in each case resulted in similar mechanical 





Figure 6.1 LOM images of the coated specimens soaked at 850 °C for a) 10 s, b) 300 s, or c) 600 s 
and then quenched, for deformation at room temperature.  Etched with 2 pct nital.   
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(a) (b) 
Figure 6.2 Thermal profiles of the coated specimens soaked at 850 °C for a) 10 s and b) 300 s, and 
then quenched to room temperature for subsequent deformation.  The dashed like shows 
the programmed temperature profile and the solid line indicated the control thermocouple 
reading.  Note the difference in time scales on the x-axis.   
 
6.3 Ultimate Tensile Strength of Samples Deformed at Room Temperature 
It was of interest to assess both the UTS and the associated tensile elongation for all processing 
conditions.  The engineering stress-strain curves for all uncoated and coated specimens deformed at room 
temperature are shown in Appendix C, and the UTS data are summarized in this section.  The elongation 
data is summarized and discussed in Section 6.4.  Figure 6.3 shows the UTS for coated and uncoated 
samples tested at room temperature in uniaxial tension after being heated at 20 °C
 
/s to 750 °C, 850 °C, or 
900 °C and held for a) 10 s, b) 300 s, or c) 600 s and then helium-quenched to room temperature.  The 
dashed line at about 1500 MPa  (218 ksi) corresponds to the reported strength for 22MnB5 after the hot-
stamping process [2].  This strength therefore also corresponds to that achieved via a martensitic 
microstructure.  The 750 °C samples had UTS values much lower than this reported value (about 
620-827 MPa, 90-120 ksi), likely because the heat treatment temperature was below the Ac3 temperature 
and thus the microstructure was likely not martensitic during room temperature deformation (Section 6.2).  
In all cases, the 750 °C uncoated and coated samples had very similar UTS values in the range of about 
600 – 800 MPa (80 – 120 ksi).  These values are consistent with reported UTS values of annealed 
22MnB5 (600 – 700 MPa).  The similar UTS values between the uncoated and coated 750 °C samples 
processed at each soak time suggested that the coating had almost no effect on the room temperature 
UTS. 
 In contrast, the 850 °C and 900 °C samples were austenitized during heat treatment and were 
quenched rapidly to room temperature; therefore a martensitic microstructure was predicted to have 
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values consistent with those reported for hot-stamped 22MnB5 [2].  The uncoated 850 °C, 300 s and 
coated and uncoated 900 °C, 300 s samples had UTS values between 180 – 210 ksi; these strengths were 
slightly below that reported for hot-stamped 22MnB5.  Similarly, the uncoated and coated 850 °C, 600 s 
samples, and the uncoated and coated 900 °C, 600 s samples had UTS values close to those reported for 
22MnB5.  As was observed in the 750 °C samples, the similar UTS values for the uncoated and coated 
samples at 850 °C for 600 s and 900 °C for all hold times suggested that the coating did not have a major 







Figure 6.3 UTS for GI and uncoated samples tested at room temperature in uniaxial tension after 
being heated at 20 °C
 
/s to 750 °C, 850 °C, or 900 °C and held for a) 10 s, b) 300 s, or c) 
600 s and then helium-quenched to room temperature. 
 
 
The two conditions which demonstrated UTS values significantly lower than those typically 
reported for hot-stamped 22MnB5 were the coated samples processed at 850 °C for 10 s and 300 s.  These 
samples had UTS values in the range of 80 – 120 ksi (about 600 – 800 MPa).  The observed UTS of each 
the coated 850 °C, 10 s and 300 s samples was similar to that of the 750 °C uncoated and coated samples 
processed for the same soak time, respectively.  This was likely due to the non-martensitic microstructure 
achieved in the coated 850 °C samples soaked for 10 s and 300 s.  The total change in length of the 
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samples was also compared for all processing conditions to gain a better understanding of the room 
temperature deformation behavior, and will be discussed in Section 6.4. 
6.4 Elongation of Samples Deformed at Room Temperature 
As was done for the hot-ductility samples, the change in length was also measured for the 
samples deformed at room temperature.  In this case, the recorded change in length was from the 
crosshead data from the tensile frame.  Though an extensometer was used to record the sample 
displacement, some of the samples failed outside the extensometer, though still within the reduced gage 
section.  Thus, the fracture behavior was not captured by the extensometer in all cases.  The change in 
length was chosen for comparison because it included this fracture behavior, and specifically the 
elongation at failure.  Figure 6.4 shows the change in length for both coated and uncoated samples held at 
750 °C, 850 °C, or 900 °C for a) 10 s, b) 300 s, and c) 600 s.  Similar to the UTS plots, an elongation of 
about 2.5 mm (0.098 in) is indicated with the blue dashed line on all plots.  This elongation corresponds 
to about 8 pct strain (based on the gage length of the room-temperature samples), which corresponds to 
the average strain for 22MnB5 after processing [2].  It was expected that the samples with martensitic 
microstructures would have elongations near or lower than this reported value.     
In almost all conditions, the uncoated and coated samples with the same soak temperature and 
soak time showed a similar change in length.  This suggests a minimal effect of the coating on the 
elongation at failure for most processing conditions.  The coated 750 °C sample held for 600 s had a 
smaller change in length (0.09 in) than the uncoated sample (0.12 in) processed under the same 
conditions.  In the samples held at 850 °C for 10 s and 300 s, the coated samples exhibited a greater 
change in length than the uncoated samples.  As described in Section 6.2, these samples also exhibited 
lower UTS values than the uncoated samples processed under the same conditions.  Because LME is 
often associated with a decreased total elongation, not observed in the cases of the coated 850 °C, 10 s or 
850 °C, 300 s samples, this mechanism (LME) was not specifically suspected in either sample.  Further, 
the UTS and elongation values obtained from both samples were similar to the values reported for 
22MnB5 samples in the annealed condition.  The increased ductility and lower strength of the samples (as 
shown in stress-strain curves in Appendix C) were indicative of a microstructure other than the desired 
fully martensitic microstructure (as shown in Section 6.2).  Overall, the results do not suggest an 
influence of the coating on the room-temperature properties of Zn coated steels after hot-stamping.  To 
further explore the change in length measurements, pct R.A measurements and visual analysis of the 
fracture ends were also conducted and the results are presented in Section 6.5. 





Figure 6.4 Change in length for both coated and uncoated samples tested at room temperature in 
uniaxial tension after being heated at 20 °C
 
/s to 750 °C, 850 °C, or 900 °C and held for a) 
10 s, b) 300 s, or c) 600 s and then helium-quenched to room temperature.  Similar to the 
UTS plots, an elongation of about 2.5 mm (0.098 in) (corresponding to about 8 pct strain 
for hot stamped 22MnB5) indicated with the blue dashed line on all plots. 
 
6.5 Percent Reduction of Area in Samples Deformed at Room Temperature  
The final fracture cross-sectional area in samples deformed at room temperature was obtained 
using a point micrometer to measure both the width and thickness dimensions at the final fracture end.  
As was done to calculate the elevated temperature reduction of area, Eq. 3.1 was used to calculate the pct 
R.A.  Figure 6.5 shows the pct R.A. for samples processed at each soak temperature for times of a) 10 s, 
b) 300 s, and c) 600 s.  The coated and uncoated samples have very similar pct R.A. values for all 
conditions, again suggesting that the Zn coating is not detrimental to the sample ductility.  Though there 
is an apparent difference between the coated and uncoated samples heated to 850 °C and held for 10 s, it 
is not clear whether this difference is within the error of the measurements performed.  The trends in the 
pct R.A. data are consistent with the elongation data.  It is worth noting that only one sample processed 
under each condition was tested in tension at room temperature and the error in these measurements was 
therefore not determined.  Additional samples may be required in order to fully assess the effect of the 
coating on the room temperature deformation behavior, to assess whether the small differences are 
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meaningful or repeatable.  To gain more insight into the pct R.A. measurements, the fracture ends were 





 Figure 6.5  Pct R.A. for GI and uncoated samples tested at room temperature in uniaxial tension after 
being heated at 20 °C
 
/s to 750 °C, 850 °C, or 900 °C and held for a) 10 s, b) 300 s, or c) 
600 s and then helium-quenched to room temperature. 
 
6.6 Fracture-End Analysis of Samples Deformed at Room Temperature  
In addition to the quantitative comparison of the mechanical properties of the samples deformed 
at room temperature, a qualitative comparison of the fracture ends was conducted.  Imaging of the 
fracture ends of samples deformed at room temperature was conducted to qualitatively compare the 
appearance of the fracture features (i.e. ductile or brittle), and compare the fracture features to the trends 
observed in the elongation and pct R.A. measurements.  Figure 6.6 shows macro images of both the top 
view and side view of the fracture ends for uncoated and coated samples processed at 750 °C and soaked 
for a & d) 10 s, b & e) 300 s, or c & f) 600s.  Figure 6.7 shows macro images of both the top view and 
side view of the fracture ends for uncoated and coated samples processed at 850 °C for a & d) 10 s, 
b & e) 300 s, or c & f) 600s.  Figure 6.8 shows macro images of both the top view and side view of the 
fracture ends for uncoated and coated samples processed at 900 °C for a & d) 10 s, b & e) 300 s, or 
c & f) 600s.  A decrease in the sample width or sample thickness near the fracture end, or necking, was 
observed in most samples; this necking is a feature of ductile failure.  The edge views of almost all coated 
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and uncoated samples appeared to have failed at 45 °or intersecting 45 ° angles, also consistent with 
ductile failure.   
 10 s 300 s 600 s 
Uncoated 
   
 (a) (b) (c) 
Coated 
   
 (d) (e) (f) 
Figure 6.6 Macro images of the fracture ends (top: end view, bottom: edge view) uncoated and 
coated samples processed at 750 °C for a & d) 10 s, b & e) 300 s, c & f) 600s. 
 
In a few of the samples, including the uncoated samples soaked at 850 °C for 10 s or 300 s, and 
900 °C for all times, the presence of pronounced shear lips indicated ductile failure.  Though less obvious 
than in the uncoated samples, similar shear lip features were also observed in the coated samples.  Brittle 
fracture was not evident in any of the processing conditions, based on the absence of faceted fracture end 
features that would indicate brittle failure.  In general, ductile failure in all samples supports the 
elongation and pct R.A. behavior observed in both coated and uncoated samples.  The ductile appearance 
of the fracture ends of all samples also supports the conclusion that the coating does not compromise the 
ductility of the sheet that is heat treated without deformation at elevated temperature. 






 10 s 300 s 600 s 
Uncoated 
   
 (a) (b) (c) 
Coated 
   
 (d) (e) (f) 
Figure 6.7 Macro images of the fracture ends (top: end view, bottom: edge view) uncoated and 
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 10 s 300 s 600 s 
Uncoated 
   
 (a) (b) (c) 
Coated 
   
 (d) (e) (f) 
Figure 6.8  Macro images of the fracture ends (top: end view, bottom: edge view) uncoated and 
coated samples processed at 900 °C for a & d) 10 s, b & e) 300 s, c & f) 600s. 
 
Though all samples appeared to have failed in a ductile manner, additional SEM fracture end 
analysis was also conducted on specific samples of interest.  In particular, confirmation of ductile failure 
in the uncoated and coated samples processed at 850 °C for 10 s was of interest, because this condition 
exhibited the largest deviation in change in length between the two samples.  Imaging in the SEM was 
conducted to investigate additional features which may not be visible in macro images, and especially 
look for any evidence of embrittlement.  As mentioned, embrittlement due to Zn penetration into the 
substrate and subsequent fracture initiation was considered possible in coated samples.  Penetration is 
likely to occur along grain boundaries and thus faceted fracture features would be expected close to the 
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surface where Zn penetration and subsequent embrittlement would have occurred.  This may lead to the 
appearance of flat edges on the fracture end.  Thus edges of the fracture ends were inspected for evidence 
of Zn penetration or flat features associated with embrittlement.  In addition, the sample surfaces in the 
necked region near the fracture end were also inspected for cracks running transverse to the sample length 
(parallel to the fracture end width).  The presence of such cracks would also indicate some degree of 
brittle cracking during necking, perhaps due to Zn penetration.  Figure 6.9 shows a) an SEM image of the 
fracture end of the sample and b) an SEM image of the sheet face near the fracture end of an uncoated 
specimen soaked at 850 °C for 10 s and then strained to failure at room temperature.  The evident necking 
and pronounced shear lips are indicative of ductile failure.  Additionally, the absence of flat regions at the 
edges of the fracture end and the absence of cracks running along the transverse direction were also 
consistent with ductile failure.  Embrittlement was not suspected in the uncoated sample due to the 
absence of the Zn coating, and thus it was useful the compare the behavior of this sample (uncoated 
850 °C, with a 10 s hold) to the behavior of the coated one processed under the same conditions.  
  
Figure 6.9 SEM images of a) the side-end view and b) the back edge view of the fracture end of the 
uncoated specimen soaked at 850 °C for 10 s and then strained to failure at room 
temperature. 
 
The coated 850 °C, 10 s fracture end was also inspected, and the fracture features were similar to 
those observed in the uncoated 850 °C, 10 s specimen.  Figure 6.10 shows SEM images of a) the side-end 
view and b) the back edge view of the fracture end of the coated specimen soaked at 850 °C for 10 s and 
then strained to failure at room temperature.  Flat edges along the fracture ends were not observed.  The 
absence of such flat regions suggests that ductile failure occurred at the edge of the specimen.  The 
smooth region on the necked portion of the specimen also suggests ductile failure; the presence of 
multiple transverse cracks along the surface of the sample near the fracture end might be more consistent 
with a failure due to embrittlement, but was not observed.  The similarities between the fracture end 
features in the coated and uncoated 850 °C, 10 s specimens, and the previous microstructural analysis 
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from Section 6.4 suggested that the microstructural differences were the cause of different room 
temperature mechanical property variations; evidence of LME was not observed. 
  
Figure 6.10 SEM images of a) the side-end view and b) the back edge view of the fracture end of the 
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CHAPTER 7 : CONCLUSIONS  
The main objective of the present study was to determine the soak temperature and soak time 
conditions related to industrial hot-stamping under which Zn penetration would or would not occur.  
Assessment of the extent of Zn penetration and associated cracking behavior at elevated temperature in 
Zn coated PHS sheet substrate was also of interest.  Room temperature behavior, relevant to in-service 
properties, was also investigated.  Heat treatments simulative of the hot-stamping processes were 
performed in the Gleeble® 3500 with several soak times and soak temperatures relevant to industry.   
The undeformed coating behavior was investigated to determine the extent of alloying between 
the coating and substrate under different processing conditions.  With increased soak time (300 s and 
600 s) the amount of α (bcc Fe-Zn containing about 35 wt pct Zn) phase increased and the Zn-rich Γ1 
regions (about 70 wt pct Zn) decreased.  At temperatures above the austenitizing temperature the alloyed 
layer appeared to be completely α phase with no Zn-rich regions remaining.  Zn penetration below the 
alloyed layer into the substrate was not observed in the undeformed material under any conditions.  These 
data suggest that deformation at elevated temperature was also required for Zn penetration to occur into 
the substrate.   
Ductility in the samples deformed at elevated temperature was assessed through change in length 
(tensile ductility) and pct R.A. measurements.  For all hold temperatures at short hold times (10 s) the 
change in length of the coated samples was lower than that of the uncoated samples.  As hold time 
increased, the difference in the change in length between the coated and uncoated samples decreased, 
suggesting a decreased effect of the coating on the ductility.  Similarly, a comparison of the fracture ends 
of the coated samples deformed at elevated temperature showed more ductile fracture features with 
increased soak time.  This also suggested increased ductility with increased soak time.  These 
observations support the conclusions of recent work by Lee et al. showing that increased soak times 
resulted in increased ductility in coated material [9]. 
The depth of cracking into the substrate decreased with increased hold time, and the smallest 
cracks were observed in the sample processed at 900 °C for 600 s.  The decrease in crack depth was 
correlated with a decrease in Zn-rich liquid available in the coating during deformation at elevated 
temperature.  As soak time increased and more of the α phase developed in the alloyed layer, less Zn-rich 
liquid was available to contribute to cracking into the substrate.  A systematic assessment of the extent of 
cracking has not been extensively explored in the previous literature and cracking results in this study 
should be beneficial for PHS producers and users to better understand elevated temperature deformation.  
Zn penetration below the cracks, further into the substrate sheet, was only observed in the samples held 
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for 10 s.  This penetration was associated with the availability of Zn-rich liquid to penetrate below the 
cracks at short soak times.  Increased soak time for development of the α phase, and accompanying 
consumption of Zn-rich liquid, resulting in no Zn penetration below the cracks.  These results suggest that 
Zn penetration and accompanying embrittlement may be avoided if coated 22MnB5 is processed for 
intermediate or extended soak times to allow for increased alloying and minimization of Zn liquid prior to 
deformation. 
The room temperature deformation behavior was similar between the uncoated and coated 
samples for all processing conditions.  Similar UTS, change in length, and pct R.A. properties were 
obtained for most samples, except when base (substrate) microstructure variations were present.  No 
significant decrease in ductility was observed in samples deformed at room temperature, suggesting that 
extensive Zn penetration did not occur during heat treatment of these samples.  These results show that 
the Zn coating does not have a significant effect on the room temperature ductility of 22MnB5 after heat 
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 APPENDIX A: GLEEBLE® QUICKSIM PROGRAMS  
The heat treatment and hot-ductility programs used to process both uncoated and coated samples 
in the Gleeble® 3500 were written using the QuickSim software from Dynamic Systems Inc.  Figure A.1 
shows an example of the QuickSim program used to heat a sample at a rate of 20 °C
 
/s to 900 °C, hold for 
300 s, and then helium quench to room temperature.  This is an example program for all samples which 
were only heat treated and did not undergo deformation at elevated temperature.  Samples heat treated 
under this type of program were later tested in tension at room temperature.  Figure A.2 shows an 
example of the QuickSim program used to heat a sample at a rate of 20 °C
 
/s to 900 °C, hold at 300 s, cool 
to 750 °C and deform at a programmed rate of 3 /s.  The sample was then helium quenched to room 
temperature.  This is an example program for all hot-ductility samples deformed at 750 °C.  It is worth 
note for other Gleeble® users that all tests were run in the standard pocket jaw setup under force control 
to accommodate thermal expansion and contraction during testing.  In the hot-ductility tests, the Gleeble® 
was switched to stroke control only for the deformation step, and was zeroed immediately prior to 
deformation.  
 
Figure A.1 Example of the QuickSim program used to heat a sample at a rate of 20 °C
 
/s  to 900 °C 
and 300 s, and then helium quench to room temperature.  This is an example program for 
all samples which were only heat treated and did not undergo deformation at elevated 
temperature. 









Figure A.2 Example of the QuickSim program used to heat a sample at a rate of 20 °C
 
/s  to 900 °C, 
hold for 300 s.  The sample was then allowed to cool to 750 °C, deformed at a programmed 
rate of 3 /s, and immediately helium quench to room temperature.  This is an example 
program for all hot-ductility samples deformed at 750 °C. 
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 APPENDIX B: MICROSTRUCTURES OF UNDEFORMED, HEAT TREATED SAMPLES  
The specimens deformed at room temperature after being processed at 750 °C and 900 °C were 
polished and etched with 2 pct nital to reveal the microstructure.  Figure B.1 LOM images of the etched  
uncoated and coated specimens soaked at 750 °C for a & d) 10 s, b & e) 300 s, or c & f) 600 s 
respectively, and then quenched (for subsequent deformation at room temperature).  The samples 
processed at 750 °C exhibited a dual phase microstructure with intercritical ferrite and darker etching 
martensite islands.  Similar microstructures were observed in the uncoated and coated samples processed 
for the same respective soak times.  
   
(a) (b) (c) 
   
(d) (e) (f) 
Figure B.1 LOM images of the uncoated and coated specimens soaked at 750 °C for a & d) 
10 s, b & e) 300 s, or c & f) 600 s respectively, and then quenched.  Etched with 2 
pct nital.   
 
 
Figure B.2 LOM images of the uncoated and coated specimens soaked at 900 °C for a & d) 10 s, 
b & e) 300 s, or c & f) 600 s and then quenched, for deformation at room temperature.  The martensitic 
microstructure in these samples was also revealed with a 2 pct nital etchant.  Again, similar 
microstructures were apparent in uncoated and coated samples with the same soak times. 
 
 










   
(a) (b) (c) 
   
(d) (e) (f) 
Figure B.2 LOM images of the uncoated and coated specimens soaked at 900 °C for a & d) 10 s, 





  75 
 APPENDIX C: ROOM TEMPERATURE STRESS – STRAIN BEHAVIOR  
Quasi-static uniaxial tension tests were performed at room temperature on samples heat treated 
under all conditions.  The engineering stress-strain behavior for all sample conditions is shown in this 
section.  Figure C.1 shows the engineering stress-strain curves obtained for both uncoated (solid line) and 
uncoated (dashed line) samples heated  at 20 °C /s to 750 °C, and held for a) 10 s, b) 300 s, or c) 600 s, 
helium quenched to room temperature and then deformed.  For all soak times, the uncoated and coated 
samples processed at 750 °C had similar room-temperature tensile behavior.  The similarity in stress-
strain behavior indicated that the coating did not have a substantial effect on the tensile properties. 
 
   
(a) (b) (c) 
Figure C.1 Engineering stress – strain curves for coated and uncoated samples strained to failure 
in quasi-static uniaxial tension at room temperature after being soaked at 750 °C for 
a) 10 s, b) 300 s, or c) 600 s and then quenched to room temperature.   
 
 
Figure C.2 shows the engineering stress-strain curves obtained for both uncoated (solid line) and 
uncoated (dashed line) samples heated  at 20 °C
 
/s to 850 °C, and held for a) 10 s, b) 300 s, or c) 600 s, 
helium quenched to room temperature and then deformed.  The coated samples processed at 850 °C for 
10 s and 300 s achieved lower UTS and higher elongations than the uncoated samples processed under the 
same respective conditions.  As mentioned in Section 6.2, these differences were a result of the non-
martensitic microstructures achieved in the coated 850 °C, 10 s and 850 °C, 300 s samples.  Thus, 
differences in the stress-strain behavior were a result of the differences in base microstructure, and the 
effect of the coating on these samples was not directly apparent.  The uncoated and coated samples 
soaked at 850 °C for 600 s had martensitic microstructures and could thus be compared directly.  The 
850 °C, 600 s samples had similar room temperature stress-strain behavior, suggesting that the coating did 
not influence the deformation behavior under these conditions. 
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(a) (b) (c) 
Figure C.2 Engineering stress – strain curves for coated and uncoated samples strained to failure 
in quasi-static uniaxial tension at room temperature after being soaked at 850 °C for 
a) 10 s, b) 300 s, or c) 600 s and then quenched to room temperature.   
 
 
Figure C.3 shows the engineering stress-strain curves obtained for both uncoated (solid line) and 
uncoated (dashed line) samples heated  at 20 °C
 
/s to 900 °C, and held for a) 10 s, b) 300 s, or c) 600 s, 
helium quenched to room temperature and then deformed.  The stress-strain behavior is very similar 
between the uncoated and coated specimens soaked at 900 °C for each respective soak time.  This 
suggests no significant effect of the coating on the room temperature tensile behavior after heat treatment 
at 900 °C without deformation at elevated temperature. 
 
   
(a) (b) (c) 
Figure C.3 Engineering stress – strain curves for coated and uncoated samples strained to 
failure in quasi-static uniaxial tension at room temperature after being soaked at 
900 °C for a) 10 s, b) 300 s, or c) 600 s and then quenched to room temperature. 
 
 
